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 Planar solid oxide fuel cells (SOFCs) were designed, fabricated and characterized 
in order to develop a (1) cost-effective method for fabric tion of thin electrolyte layers, 
(2) hermetic sealing and (3) stable interconnects.  Electrophoretic deposition (EPD) was 
discovered to be an excellent method for fabricating dense lectrolyte layers of about 
5µm thick on porous non-conducting substrates.  The EPD process was thoroughly 
studied from proof-of-concept to statistical reproducibility, deposition mechanism, 
modeling and process optimization.  Deposition on non-conducting substrates was found 
to follow many of the same fundamental trends as that on conductive substrates except 
for the voltage efficiency and detailed charge transfer m chanism.  Eventually, the 
process was optimized such that an SOFC was fabricated that achieved 1.1W/cm2 at 
850ºC. Further, a novel sealless planar SOFC was designed that incorporates a hermetic 
interface between the electrolyte and interconnect similar to tubular and honeycomb 
designs.  The hermetic interface successfully acted as a blocking electrode under DC 
polarization, indicating its potential to act as a sealant.  Leakage rates across the interface 
were 0.027sccm at 750ºC, similar to polycrystalline mica seals.  Through a process of 
tape casting and lamination, a two-cell stack without sealant was fabricated and achieved 
a power density of 75mW/cm2 at 750ºC.  Finally, the degradation rate of silver and silver-
based interconnects was studied under static and dual-atmosphere conditions.  Corrosion 
of silver grain boundaries along with sublimation losses results in the formation of large 
pores, resulting in up to 30µm of anode oxidation after 8hrs testing at 750ºC.  Further 
stability studies indicated that silver-based interconnects would be better suited for 





  Energy independence is a goal that many nations are striving to achieve, and few 
have actually realized.  To build an infrastructure that relies simply on ones own 
resources significantly improves the economic, politica, and social strength of a nation.  
To base that infrastructure on renewable resources and alternative energies impacts not 
only the wellbeing of a nation, but also its people.  Reliance on ones own renewable 
resources guarantees that energy related jobs would always remain available, which 
impacts job growth, unemployment and spending.  When dependence on imported energy 
supplies such as oil, coal and natural gas is eliminated, so are the political pressures of 
dealing with foreign nations and the impact of costly imports on a countries trade 
balance/deficit.  The byproducts of alternative energy systems are also much more 
environmentally friendly, which not only reduces emission  of global warming and 
pollutant gases, but also provides a healthier atmosphere for those living in that region. 
 The desire to develop alternative energy sources, along with the ever-diminishing 
fossil fuel supply has resulted in a present push for fuel cell te hnology.  Fuel cells are 
direct chemical to electrical energy conversion devices that operate via an 
electrochemical reaction involving a fuel source (e.g. any hydrogen containing gas such 
as gasified coal and various hydrocarbons) and an oxygen source (e.g. air, pure oxygen or 
some intermediate).1,2 Traditional energy technologies such as combustion engins, 
convert chemical energy to mechanical energy and then to lectrical energy, during 
which there are large losses involved with fuel to heat conversion.  Since energy 
conversions of the electrochemical type bypass the mechanical step, they yield both 
higher efficiency (~60%) and environmentally safer bi-products (only H2O when pure 
hydrogen is used as fuel, CO2 and H2O when hydrocarbon fuels are used) compared to 
current combustion technologies.1  
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1.1 History of fuel cells 
 Sir William Robert Grove is credited with developing the first fuel cell, based on 
dilute sulfuric acid electrolyte, in 1839.3 A patent lawyer by trade, Grove’s interest in 
chemistry and understanding of electrolysis led him to the hypothesis that a reverse 
reaction must also be possible, which would react the two gases to produce electricity and 
water.  A schematic of his first cell is given in Figure 1. 
 
 
Figure 1. Schematic of Grove’s ‘gas voltaic battery’.  Oxygen and Hydrogen in the tubes over the 
reservoirs react with the dilute sulfuric acid to form electricity and water. 
 
While many scientists struggled to understand exactly how his fuel cell, or Grove cell as 
it was called, worked; Mond and Langer developed the first hydrogen-oxygen fuel cell. 
Using thin platinum electrodes and a quasi-solid electrolyte composed of an earthenware 
plate saturated with dilute sulfuric acid; the cell achieved 6 A/ft2 at 0.73V in 1889.4  
Some scientists lobbied for ‘Contact Theory’ or that physical contact between multiple 
components allowed for current to flow, while others thought that ‘Chemical Theory’ or 
chemical reactions and gas diffusion was the cause of current flow.  Freidrich Ostwald 
provided the theoretical understanding of how Grove’s fuel cell operated, thus discerning 
the roles of each component with respect to electrodes, el ctrolytes, anions, cations and 
oxidizing and reducing agents.  He showed that chemical reactions within a gas diffusion 
electrode took place in a contact area where the catalyst, reactant gas and electrolyte 
met.5    
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 Nernst discovered an oxide electrolyte composition in 1899, 15-wt% Y2O3 doped 
into ZrO2, which he used to replace carbon filaments as the glower in electric lamps.
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Though the glower operated successfully, electrolysis was also observed.  Later it was 
found that the same amount of oxygen generated at the anod  was consumed at the 
cathode, indicating the electrolyte composition was conducting oxygen between the 
electrodes during current flow.  Schottky proposed, in 1935, that Nernsts’ electrolyte 
composition could be used as a solid oxygen ion conductor for fuel cells.7 In 1937, Baur 
and Pries operated a fuel cell using that solid electrolyte composition, observing open 
circuit voltages from 1.1-1.2V at 1000-1050ºC, respectively.8 Francis Thomas Bacon 
built a low-temperature pressurized fuel cell in 1939 using nickel gauze electrodes and an 
alkali electrolyte (potassium hydroxide).  Bacon believed the cell, operated at pressures 
up to 3000psi, might prove useful in replacing storage batteries in British Royal Navy 
submarines.9 Eventually, Bacon’s 1950’s fuel cell work lead to an alkaline fuel cell used 
by NASA in the 1968-1972 Apollo space shuttle missions. 
 Strong efforts to develop a ceramic fuel cell began in the 1960’s, however the 
planar disk and segmented-cell-in-series designs involved thick electrolyte’s that suffered 
from large ohmic losses during operation.  Thin film electrolyte research lead to a 
successful segmented-cell-in-series design in the 1970’s.  The sealless tubular design was 
introduced in the 1980’s by Westinghouse, improving many of the engineering issues 
related to the segmented-cell-in-series design.10 Renewed interest in planar or flat-plate 
cells also occurred in the 1980’s, mostly due to the drastic improvements in thin film 
ceramic processing techniques such as tape casting.  Today, planar designs offer higher 
power densities than do the tubular designs due to shorter cu r nt paths and lower ohmic 
losses, however the tubular designs have fewer issues from a stack development 
standpoint, as sealing and manifolding are much easier.2,11 
1.2 Types of Fuel Cells 
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 There are five major types of fuel cells currently being investigated for direct 
energy conversion.1 They are proton exchange membrane, alkaline, phosphoric acid, 
molten carbonate and solid oxide fuel cells.  Alkaline fu l cells (AFCs) are best known 
for their role in the Apollo space program, most notably the cause of the Apollo 13 power 
supply issue. Phosphoric acid fuel cells (PAFCs) are probably the most commercially 
ready technology, followed by the molten carbonate fuel cells (MCFCs).  Though these 
two technologies are the most advanced from an industrial standpoint, they contain 
highly corrosive electrolyte materials and aren’t widely considered to be long-term 
alternative energy solutions.  The two most promising technologies are proton-exchange 
membrane (PEM) and solid oxide fuel cells (SOFCs), due to the potential for much 
higher power and energy densities and their use of all solid c mponents rather than liquid 
electrolytes.  A schematic depicting various fuel cell technologies and their relative 
operating temperatures is shown in Figure 2.12 
 
 
Figure 2. Various Types of Fuel Cells and their advantages and disadvantages with respect to 
operating temperature.12 
 
1.2.1 Alkaline Fuel Cells 
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 Alkaline fuel cells (AFCs) operate at 60-90ºC via the continuous diffusion of 
hydroxyl ions from the cathode to the anode and the subseq ent counter-motion of water.  
Potassium hydroxide and sodium hydroxide are the main electrolyte materials, which are 
either circulated through the system or remain static, depending on the design.  Pure 
hydrogen fuel and air oxidant are fed to the anode (typically porous nickel) and cathode 
(either platinum or a carbon matrix), respectively, resulting in the following 
electrochemical reactions.13  
















Since oxygen reduction reactions occur more favorably in alkaline environments than in 
acid environments, the voltage drop or activation overpotential is quite low, leading to 
the highest voltage of any fuel cell system (Eo=1.23V) and efficiencies of 40-50%.  The 
lack of a necessary noble metal catalyst and operability t room temperature, which leads 
to excellent cold-start capability, are also advantages over other fuel cell systems.  The 
problem with alkaline fuel cells is that carbon dioxide in the air can cause the formation 
of potassium or sodium carbonate crystals, which can block electrolyte pathways and 
electrode pores.14 An example carbonate producing reaction involving potassium is 
shown in Reaction 2. 
Reaction 2  OHCOKCOKOH 2322 +→+  
Another issue with AFCs is the necessity of using pure hydrogen fuel.  Alternative fuels 
such as methanol have been tested, but the oxidation reaction produces carbon dioxide, as 
shown in Reaction 3, which diffuses into the electroly e producing carbonate as in 
Reaction 2.15 
Reaction 3  −− ++→+ eCOOHOHOHCH 656 223  
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Low operating temperatures and cost effective materials resulted in NASA using AFCs in 
the Apollo Space Program.  Since air and carbon dioxide aren’t readily available in space, 
many of the deficiencies of these fuel cells were eliminated. 
1.2.2 Molten Carbonate Fuel Cells 
 Molten carbonate fuel cells (MCFCs) operate in the temperature range of 600-
700ºC since they rely on molten carbonate ions to conduct from the cathode, through the 
electrolyte to the anode.  Typically the electrolyte is composed of a mixture of Li2CO3 
and K2CO3 (62:38 ratio) or Li2CO3 and Na2CO3 (50:50 ratio) in a LiAlO2 ceramic matrix. 
Oxygen and carbon dioxide are reduced by a porous lithiated NiO cathode producing 
carbonate ions, which travel through the molten electrolyte and combine with hydrogen, 
which was oxidized by a NiCr or NiAl-based anode.  The electrochemical half-cell and 
overall reactions are as shown in Reaction 4. 



















The advantages of MCFCs are high temperature operation resulting in high value steam, 
the potential for use of methane or carbon dioxide fuels and the use of inexpensive 
catalyst materials compared to other high temperature fuel cells.  When carbon dioxide or 
carbon monoxide fuels are used, the exhaust fuel can also be recycled to the cathode for 
use in the reduction reaction.  Disadvantages of the MCFC system are carbon dioxide 
management, since it’s a strong greenhouse gas, and corrosion of the cathode due to 
electrolyte creep.  Nickel oxide is soluble in molten carbonate material, which leads to 
diffusion of nickel ions into the electrolyte and to the anode where it can precipitate out 
as nickel metal by Reaction 5.15  
Reaction 5  
−+ +→+ 23
2
2 CONiCONiO  
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When enough nickel precipitates, shorting can occur between the two electrodes.  To 
combat the issue of shorting, thicker electrolytes are used, however the thicker 
electrolytes lead to greater ohmic losses and reduced performance.  Therefore, though 
MCFC stacks have been demonstrated from 250kW-2MW and some co mercialization 
has taken place, corrosion and electrode leaching continue to plague the technology.16 
1.2.3 Phosphoric Acid Fuel Cells 
 Phosphoric acid fuel cells (PAFCs) were the first commercially available fuel 
cells with an operating temperature in the range of 150-220ºC.  Basic cell operation 
occurs as hydrogen is oxidized, by a composite carbon-Pt-PTFE anode, after which the 
protons are then conducted through the H3PO4 acid electrolyte (contained within the 
capillaries of a SiC matrix) to the cathode where they combine with oxygen ions.  
Oxygen ions are formed by reduction of oxygen from the air, by a carbon-Pt-PTFE 
composite cathode.  The half-cell and overall electrochemical reactions are shown in 
Reaction 6. 
















The high proton conductivity of the electrolyte result  in very low ohmic losses during 
operation.  Phosphoric acid does not react with carbon dioxide; therefore issues of 
carbonate formation, as in AFCs, aren’t encountered.  Due to the operating temperature, 
some useful waste heat is produced in the system, however the cell itself must be cooled 
using liquid (e.g. water) or gas (e.g. air), else th  phosphoric acid will evaporate during 
operation.  The coolant system increases the cost of PAFCs significantly as the water 
must be purified so as not to contaminate the cell.  System costs increase even more if the 
cell is pressurized during operation because of the toxicity and corrosiveness of any 
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leaking acidic gases.  PAFCs suffer from high costs due to the necessary expensive 
catalyst material for the electrodes and matrix material to hold the electrolyte.  Also, 
phosphoric acid has a freezing point of 42ºC, therefore the cell must always remain above 
that temperature, or else the large volume expansion it undergoes during freezing may 
crack the SiC matrix.  
1.2.4 Proton Exchange Membrane Fuel Cells  
 Proton exchange membrane fuel cells (PEMFCs) have great potential to be an 
affordable low cost fuel cell.  With an operating temperatu e range from 50-140ºC, 
PEMFCs utilize pure hydrogen fuel and air oxidant.16 A Pt/Ru anode oxidizes hydrogen 
and the proton is then conducted through a water solvated polymer membrane (e.g. 
Nafion) to the cathode where it combines with oxygen ions to form water.  The operation 
is very similar to the previously mentioned PAFCs and the half-cell and overall cell 
reactions are the same as Reaction 6.  The two electrod s, the anode and the cathode, are 
composed of Pt particles dispersed in a porous carbon/PTFE support in order to increase 
surface area and limit the amount of noble metal catalyst required.  The main problem 
with PEM fuel cells is water management, since the conductivity of the electrolyte is 
highly dependent on humidity.  Nafion membrane conductivity has been observed to 
change orders of magnitude 30% and 70% relative humidity environments.  Another 
issue also exists with respect to too much water.  Since the byproduct of the 
electrochemical reaction is liquid water (T<100ºC), electroly e flooding can occur, which 
reduces surface area and dilutes proton transport.  Therefore the water produced at the 
cathode must be accounted for so as to neither flood nor ry out the electrolyte.  The last 
issue with respect to water is that its natural dipole is slightly positive, causing it to 
migrate towards the cathode during operation.  This process is call electro-osmotic drag 
and can result in the removal of all water from the anode side of the cell under high-load 
conditions.  PEM fuel cells also must operate on pure hydrogen and therefore require a 
 9 
large balance-of-plant, involving a fuel reformer.  Not all aspects of PEMs are negative 
though.  There are many advantages including high power densities compared to other 
low temperature fuel cells, ease of cell stackability, lack of material interactions, small in 
size and reasonable cost.  These are the reasons that many companies are pushing to 
commercialize PEM technology including Dupont and Ballard Power Systems. 
1.2.5 Direct Methanol Fuel Cells 
 Direct methanol fuel cells (DMFCs) operate very similarly to PEMFCs except 
that a liquid fuel, methanol, is used instead of hydrogen.  Liquid fuels have much higher 
energy densities than do their gas counterparts and are considerably easier to store and 
transport for mobile applications.  Since methanol is used as the fuel, the half-cell and 
overall electrochemical reactions change from Reaction 6 to Reaction 7: 
















The methanol oxidation does not always completely occur however, which is problematic 
to DMFC operation.  First, an issue called methanol cr ssover occurs when un-oxidized 
methanol transports through the electrolyte to the cathode.  When the fuel and oxidant 
mix without an electrochemical reaction, the cell exhibits a voltage loss.  Eventually 
enough methanol may leak through the electrolyte so as to reduce the cell voltage to an 
unusable level.  A second issue with methanol is that is adsorbs to and poisons the 
platinum catalyst through the following reaction(s).17 












Though the alloying of Pt with Ru, as is often done in PEM anodes, can prevent 
poisoning of the electrode, there is not current solution to the issue of crossover.  Other 
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issues with DMFCs include slow electrode kinetics (particularly at the cathode), high 
costs associated with the noble metal electrodes and carbon monoxide poisoning at both 
electrodes.  These issues have slowed commercialization and pushed companies to use 
hydrogen-based fuel cells, such as PEMFCs, for low temperatur  applications.15 
1.2.6 Solid Oxide Fuel Cells 
 Solid oxide fuel cells are the topic of this thesis and will be discussed in detail in 
Chapter 2. 
1.3 Principles of Fuel Cell Operation 
 The operating principles of fuel cells are similar to batteries in that electricity is 
produced from an electrochemical reaction.  Unlike batteries, however fuel cells use a 
continuous flow of fuel and oxidant gases to generate electricity and therefore don’t 
require charging.  So long as a supply of fuel and oxidant are available, electricity will be 
produced.  Electrochemical reactions are chemical reactions where electrons or electricity 
either take part in or are produced as a result of the reaction.  Typically these reactions 
are termed ‘redox reactions,’ since they involve the oxidation of one chemical species 
and subsequent reduction of another.  These reactions can be either spontaneous in their 
release of energy, as in galvanic cells, or driven to completion, as in electrolytic cells.  
Fuel cells are a form of galvanic cell, where the electrochemical reactions occur 
spontaneously resulting in the formation of a byproduct (in his case water) and electrical 
energy.18 An example reaction that spontaneously proceeds from reactants to products is 
given in Reaction 9. 
Reaction 9   dDcCbBaA +→+  
According to Le Châtelier’s Principle a reaction should reverse slightly to offset the 
increase in reaction product concentration.  To determin  the direction that the reaction 
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will proceed in order to reach equilibrium, we determine the reaction quotient, Q, which 
has the same form as the equilibrium constant, K. 











QK ==  
where ija  represents the activity of chemical j with a stoichiometry of i.  Though they are 
governed by the same relation, the reaction quotient, Q, can be used at any point in the 
reaction or concentration level that exists even before equilibrium has been achieved, 
whereas the reaction constant, K, is only used when equilibrium has been reached, at 
which point Q = K.  When Q < K, the reaction will always proceed towards the products 
to reach equilibrium and when Q > K, the reaction must reverse towards forming 
reactants in order to achieve equilibrium.19 In an ideal gas system, such as fuel cells, the 
activity of a component, ija , can be approximated by its mole fraction, 
i
jX , which can be 
reduced to its concentration [j] i.   
Equation 2    
[ ] [ ]




QK ==  
The thermodynamic balance between the enthalpy, H, and entropy, S, of the 
chemical reaction determines the equilibrium formation of products from reactants.  
Enthalpy is defined as the heat adsorbed or released by the reaction, with a negative value 
(-∆H) indicating an exothermic reaction.  The entropy of the system describes the amount 
of its disorder or rather it’s a property that monitors the proper or spontaneous direction 
of change for a given system and its surroundings.20 An easy way to think about this is to 
consider phase changes.  A gas is always more disordered than a liquid and a liquid is 
more disordered than a solid.  Therefore the gas has the hig st entropy and the solid has 
the lowest entropy.  By convention, the entropy of a system that spontaneously moves 
from products to reactants always has a positive value (+∆S) and is associated with 
consumption of the available capacity for spontaneous change when a process occurs.20 
 12
In general, thermodynamics only tells us whether a given reaction under a given 
set of conditions can happen, not whether it will  happen; that is governed by kinetics.  To 
determine if a reaction can happen, we must calculate the change in Gibbs Energy of the 
reaction. The Gibbs Energy is defined as the energy available to do work, neglecting any 
work done by changes in pressure or volume. 16,21 In equation form, the Gibbs energy 
represents the balance between the enthalpy and entropy of the system. 
Equation 3    STHG ∆−∆=∆  
By convention, a given reaction can proceed spontaneously if the change in Gibbs Energy 
is negative (-∆G), which indicates that the products of the reaction have a lower energy 
state or rather are more stable state than the reactants. A given reaction is favored to 
occur (negative Gibbs Energy) when heat is released (negativ  enthalpy) and disorder is 
increased (positive entropy).    
The Gibbs energy for the chemical reaction given in Reaction 9 is 
Equation 4    KRTGG o ln+∆=∆  
where oG∆ is the Gibbs energy of the reaction at standard temperature and pressure.  The 
natural log dependence of the equilibrium constant comes about through integration of 
the partial molal Gibbs Energy of component j, also termed the chemical potential, jµ∆ , 
from an initial pressure to a final pressure while also evaluating the partial molal volume.   

















ln===∆=∆ ∫∫µ  
Dalton’s law of partial pressures states that the diatomic gases, such as H2 and O2 used in 
fuel cells, are Henrian in behavior and therefore the partial pressure of each gas 
component is equal to its mole fraction multiplied by the total pressure of the gas system. 
Equation 6    PXP jj =  
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Rearranging Equation 6, solving for each component in the syst m and substituting 
Equation 2 and Equation 6 into Equation 5 results in an expanded version of Equation 4, 
which can be used to calculate the Gibbs Energy of the entire chemical reaction. 











RTGG ln+∆=∆  
The energy of a chemical system drives charges to movein a specific direction; 
the driving force for charge movement gives rise to an electrical or cell potential.  Nernst 
first developed an equation relating the chemical energy and electrical potential of a 
galvanic or electrolytic cell.6 The Gibbs Energy of a system has also been defined as the 
negative value of the maximum available work, W. In a redox reaction, the energy 
released results in a potential difference; the maximum potential difference is termed the 
electromotive force (EMF).  Maximum work is the product of he electromotive force 
(∆E) and the charge. 
Equation 8   EnFEqGW ∆=∆=∆−=  
Where q is the charge in coulombs and F is Faraday’s constant (96485 C/equiv).  
Substituting Equation 8 into Equation 7 results in 











RTEnFEnF ln+∆−=∆−  
Equation 9 can be reduced to the form of the Nernst Equation that we are most familiar 
with 













EE ln−∆=∆  
For a fuel cell operating on hydrogen as the fuel and oxygen as the oxidant, the overall 
electrochemical reaction is 
Reaction 10   OHOH 222 22 →+  
The Nernst equation, rearranged into its conventional form, is therefore  
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EE +∆=∆  
The efficiency of fuel cells is much higher than those of combustion engines because they 
aren’t governed by the Carnot Cycle.1,20,21 Instead, fuel cell efficiency, ε, is directly 
related to the thermodynamics of the system. 








∆= 1ε  
For common fuels such as hydrogen, carbon monoxide an  other hydrocarbons, ε < 1, 
because they have both negative enthalpy and entropy values.  Fuels with positive 
entropy values however could theoretically result in efficiencies ≥ 1.1 
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II. SOLID OXIDE FUEL CELLS 
 
 Solid oxide fuel cells (SOFCs) are solid-state electrochemical devices that convert 
chemical energy directly to electrical energy.  For the most part, SOFCs are entirely 
ceramic-based systems, which operate in the temperature ng  of 450-1000ºC.1,1722 
SOFC operation is based on oxygen reduction at the cathode, followed by the vacancy 
transport of oxygen ions through a solid electrolyte to the anode, where the oxygen ions 
combine with the protons of oxidized hydrogen to form water nd electricity.23 An SOFC 
schematic is given in Figure 3. 
 
 
Figure 3. Schematic of SOFC including half-cell and overall electrochemical reactions.24 
 
The high operating temperature of SOFCs holds some advantages compared to other fuel 
cell technologies such as fuel versatility, internal fuel reforming (T>650ºC), no need for 
water or thermal management, and the highest power density of any system.  Unlike any 
other fuel cell system, SOFCs can operate on hydrocarbns (e.g. propane, butane, 
heptane, decane, dodecane..etc), logistic fuels (e.g. JP-3, JP-8)  commercial fuels (e.g. 
octane, diesel, biodiesel) and syngas as well as pure hydrogen.25,26,27,28,29,30,31 There are 
some materials related issues with operating on many of these fuels, for instance coking 
or the deposition of carbonaceous material at the anode an  sulphur poisoning also at the 
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anode.  These involve the high temperature reactions between Ni-based oxidation 
catalysts and corrosive impurities present in the fuel.  Much research is being conducted 
to develop novel anode materials that don’t suffer from performance degradation in 
‘dirty’ fuels as well as to understand the mechanism of catalyst degradation and its long-
term effects on performance.32,33,34,35  
 Water management isn’t an issue because water exists only in the vapor phase and 
has no effect on the conductivity of any component of the cell.  Water is used to humidify 
the fuel stream of SOFCs because it’s well known that dry hydrogen oxidizes with a large 
overpotential, whereas humidified hydrogen oxidizes at significa tly less 
overpotential.36,37 Water vapor is also useful when hydrocarbon fuels are present for 
steam reforming, completion of the water-gas shift reaction and steam cleaning of 
carbonaceous deposits from the anode surface.38,39,40 The steam reforming and water gas 
shift reactions are given in Reaction 11 and Reaction 12, respectively. 
Reaction 11   224 3HCOOHCH +→+  
Reaction 12   222 HCOOHCO +→+  
 Materials stability and thermal mismatch between comp nents are two of the 
biggest issues plaguing SOFCs.  The materials issues begin with the interconnect 
material, which is either a doped lanthanum chromate ceramic (T>750ºC) or a stainless 
steel (T<750ºC).41,42,43 Both the ceramic and metallic interconnect compositions contain 
chromium, which is present for oxidation resistance, but also changes its valence state, 
sublimates, diffuses to the cathode and forms a resistive contaminant layer.44,45 Metallic 
interconnect compositions also corrode when fuel gases other than pure hydrogen are 
used.  Carburisation is the most common contaminant on the anode side of the 
interconnect, as hydrocarbon fuels flow through the chamber and aren’t completely 
utilized.46,47  The ions from sealant materials such as glass and metallic compositions 
have been found to react with both the interconnect and electrolyte causing secondary 
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phase formation, cracking and/or delamination.48,49,50,51 Delamination occurs due to 
thermal expansion mismatch between SOFC components, especially between the ceramic 
layers and metallic interconnects.  Though there are some metallic compositions with an 
equivalent high temperature thermal expansion coefficient (CTE), there aren’t any 
compositions with room temperature to operating temperature CTE profile matching the 
ceramic components of the cell.52 
2.1 SOFC Components 
Solid oxide fuel cells consist of four basic active comp nents: electrolyte, anode, 
cathode, and interconnect.  The electrolyte conducts a gas phase ionic species, either 
oxygen ions or protons, between the anode and cathode to produce water and complete 
the electrochemical reaction.  Currently, 8-mole % yittria-stabilized zirconia, 8Y2O3-
92ZrO2 (YSZ) is the most common SOFC electrolyte due to its low cost and sufficient 
conductivity, however other doped-zirconia and ceria compounds (e.g. Sc2O3-ZrO2, 
Gd2O3-CeO2, Sm2O3-CeO2) have been studied. Oxygen ions are created through the 
electrochemical reduction of oxygen (typically from air) t the cathode and protons are 
created by the oxidation of hydrogen (typically pure hydrogen or from hydrocarbons) at 
the anode.   Cathode materials currently used with YSZ are strontium doped lanthanum-
based perovskites, where the B-site cation is either manganese or cobalt (e.g. 
La0.85Sr0.15MnO3, La0.6Sr0.4CoO3, La0.6Sr0.4Co0.8Fe0.2O3).  The anode is a composite 
electrode made up of the electrolyte material (YSZ) and a catalytically active metal such 
as nickel.  Usually termed a ‘cermet’ electrode, for ceramic-metallic electrode, the anode 
also must contain a good deal of porosity.  
2.1.1 Electrolyte 
The main purpose of an electrolyte in any type of fuel cell is to conduct a specific 
ion between two electrodes in order to complete the overall electrochemical reaction and 
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form byproduct water.  Without conduction of that specific ion, no appreciable current 
would be able to flow through the fuel cell and only potential would exist.  In the case of 
SOFCs, the electrolyte conducts oxygen ions (O2-) produced at the cathode through 
oxygen reduction, to the anode where it combines with protons (H+) to form water, as 
shown in Figure 3.  Ionic conduction isn’t the only requirement that electrolyte materials 
must follow, electrolyte materials also must be electrically insulating, gas impermeable, 
microstructurally dense and inert to simultaneous highly oxidizing and reducing 
atmospheres.  This set of criteria leaves only extremely stable, oxygen ion or proton 
conducting ceramics (please note that this author lumps glas m terials, which at the time 
this was written were being researched for low-temperature electrolytes, into the ceramic 
family.) as viable electrolyte materials.   
The vast majority of SOFCs operate with oxygen ion coducting ceramics, 
however some recent SOFCs have also used proton-conducting ceramics derived from 
the family of barium cerate materials.53 The problem with using proton-conducting 
ceramics is the formation of water at the cathode, which leads to many materials related 
issues.  In that light, a suitable cathode material has yet to be developed.  Traditional 
oxide ceramics, such as ZrO2, are chemically stable in oxidizing and reducing 
environments (down to ~10-26atm oxygen partial pressure).  Zirconia, however undergoes 
a series of phase transformations from room temperatur to 2400ºC and therefore must be 
stabilized so as not to significantly change its molar volume, physical and chemical 
properties during SOFC start-up and operation.  The room temperature phase of ZrO2 is 
monoclinic, which changes to tetragonal at 1170ºC and undergoes 3 to 5 volume % 
shrinkage.  The tetragonal phase is stable up to 2370ºC, at which point it transforms to 
the cubic phase and remains stable up to the melting point of 2680ºC.1 A summary of the 
zirconia polymorphs from room temperature to the melting point is given in Reaction 
13.54 
Reaction 13 LiquidCubicTetragonalMonoclinic →→→ 268023701170  
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A visual unit cell reaction summary is also given in Figure 4.55,56 
 
(a)  (b)  (c)  
Figure 4. (a) Monoclinic unit cell of ZrO2, which transforms at 1170ºC to (b) Tetragonal unit cell of 
ZrO 2.  At 2370ºC, the tetragonal structure transforms to (c) the cubic fluorite phase of zirconia, 
which is stable up to the 2680ºC melting point.  (○) Oxygen (●) Zirconium. 
 
The associated lattice constants, unit cell volumes and angles of the zirconia polymorphs 
shown in Reaction 13 and Figure 4 are given in  
Table 1. 
 
Table 1. Lattice parameters, unit cell volumes, and unit cell angles associated with zirconia 
polymorphs.57,58 
a b c B
Monoclinic R.T - 1170C 0.5147 0.5206 0.5135 80.77 1.358*102 57
Tetragonal 1170C-2370C 0.5082 - 0.5185 - 1.3391*102 57










 Aliovalent doping can stabilize any one of the phases from room temperature to 
the melting point, making doped-zirconia a very useful and stable high temperature 
ceramic.1,23  Common oxide dopants include CaO, MgO, Y2O3, and Sc2O3, which easily 
form solid solutions with ZrO2 at levels from roughly 0-20 mole %.  Zirconia doped with 
3-mole % Y2O3 leads to what is termed ‘partial stabilization’ (PSZ) or rather the 
stabilization of the tetragonal phase.  Increased Y2O3 doping to levels from 8-15 mole % 
stabilizes the cubic phase down to room temperature and is termed ‘fully stabilized’ 





Figure 5. ZrO2-Y2O3 phase diagram.
59 
 
The addition of dopants also brings about an associated defct structure, forming 
the basis for oxygen ion conduction.  Oxygen ions are conducted through oxygen 
vacancies, which form through divalent and trivalent meal oxide doping on the 
zirconium site.  An example of oxygen vacancy formation in ZrO2 due to Y2O3 addition 
is given in Reaction 14, using Kroger-Vink notation.60  
Reaction 14   xOOZr
ZrO OVYOY 32 '32
2 ++ → ••  
The Kroger-Vink notation denotes the effective charge associated with defects formed by 
addition of one compound, which is soluble in another.  Reaction 14 can be read as: 
addition of one mole yittria to one mole zirconia results in yttrium taking the place of 
zirconium with an associated negative charge (since yttrium has a 3+ oxidation state and 
zirconium a 4+ oxidation state, replacing a zirconium with a yttrium effectively gives that 
site a negative charge).  To compensate for the negativ charge due to cation substitution, 
oxygen vacancies form on the anion site or rather oxygen is given up from the lattice 
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resulting in a vacant site with an effective double positive charge. As in all 
substitutionary reactions, the charge, site and mass balance rules of electroneutrality must 
be followed.  Therefore every mole of yittria added to zirconia forms two moles of cation 
substitution and one mole of oxygen vacancy.  When vacancy-substitution pair defects 
form in a crystal, the point defect is termed a ‘Schottky’ defect, as opposed to ‘Frenkel’ 
defects, which are vacancy-interstitial pair defects.  
 The oxygen deficiency of the stabilized cubic fluorite s ructure leads to an 
associated conductivity of oxygen vacancies.  Increased metal oxide addition will 
increase the resultant bulk conductivity of YSZ, as seen in Figure 6. 
 
 
Figure 6. Change in conductivity ZrO2 as a function of metal oxide addition.
2 
 
 YSZ is not the only electrolyte material being investigated for SOFCs.  Other 
materials such as rare earth oxide doped-ceria’s and lanthanum gallate’s have higher 
ionic conductivities than YSZ, however are also of higher cost and have experienced 
some reactionary and phase stability issues.  A comparison of the conductivities of some 




Figure 7. Conductivity of candidate SOFC electrolyte materials.61 
 
Thermal expansion of these electrolyte materials is also very important.  Table 2 lists the 
average thermal expansion coefficient (CTE) for candidate SOFC electrolyte materials 
from 25-800ºC and 25-1000ºC.  Since the CTE of the electrolyte ma rial is harder to 
change without also altering its physical properties, most other SOFC components are 
chosen and/or designed to match the expansion of the electrolyte. 
 
Table 2. Thermal expansion coefficients for candidate SOFC electrolyte materials.62,63,64,65,66,67 


























The function of an SOFC anode is to electrochemically oxidize hydrogen 
contained within the fuel. The protons formed during oxidation also combine with 
oxygen ions, conducted through the electrolyte from the cathode, to form byproduct 
water vapor in the anode chamber as shown in Reaction 15.   
Reaction 15   −− +→+ eOHOH 4222 2
2
2  
The requirements for SOFC anodes are stability in reducing atmospheres, catalytic 
activity to hydrogen oxidation, high electronic and ionic conductivity, and chemical and 
physical compatibility with surrounding components.  Stabili y and compatibility of the 
anode applies to both chemical and dimensional/phase changes, which could occur due to 
interactions with other SOFC components, the highly reducing atmosphere, the byproduct 
water vapor and/or the 450-1000ºC operating temperatures.1,2    
In order to perform its proper electrochemical functions, the anode must be able to 
transport oxygen ions to the active oxidation sites as well as product electrons away from 
the active sites.  Since there are no adequate mixed-condu ting materials available to 
perform both functions, ceramic-metallic or ‘cermet’ composites of electronic and ionic 
conducting materials are used.  Typically the electronic conducting phase is a 
catalytically active metal such as nickel and the ionic conducting phase is the same 
material as the electrolyte.  Usage of the electrolyte material in the anode also ensures 
that the thermal expansion coefficient of the composite electrode is close to that of the 
electrolyte.  Figure 8 shows the CTE of a Ni-YSZ composite anode as a function of Ni 
content.   
 24
 
Figure 8. Thermal expansion coefficient of NiO-YSZ cermet anodes as a function of Ni or NiO 
addition.2 
 
Due to processing and sintering difficulties associated with fabricating Ni and YSZ 
together, the metallic phase is usually added as an oxide (i.e. NiO) and then reduced in
situ.  Porosity is engineered into the structure through addition of pore forming agents to 
the ceramic-metallic composite as well as the increased volume associated with the 
reduction of NiO to Ni.  The function of the porous phase in the anode is to allow for fuel 
flow, increased oxidation and elimination of mass transport overpotential.  The amount of 
porosity formed due to reduction of NiO to Ni is shown in Figure 9.   
 
 
Figure 9. Overall porosity of reduced NiO-YSZ cermet as a function of the fraction NiO reduced.68 
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Percolation theory relates the volume fraction of each component within a composite to 
the connectivity of those phases.  As a rough estimate, for three phases to achieve 
connectivity within a composite, each should be 33 volume %.  The content of anode 
cermets is traditionally aimed at achieving percolation between the metallic, ionic and 
porous phases, thus each phase should account for about 33% ofthe anode structure.  
Figure 10 shows the physical result of percolation theory as it applies to the conductivity 
of anode cermets. 
 
 
Figure 10. Conductivity of Ni-YSZ anode cermet at 1000ºC as a function of Ni content.2 
 
Anode cermets are made out of more materials than just Ni and YSZ.  Alternative 
electrolyte materials such as doped-ceria and lanthanum gallate compounds can be 
substituted as the ionic conducting phase.69,70,71 Metallic phases such as Co, Ru, Cu and 
alloys of these metals with each other and with Ni have been studied and modeled in 
order to improve anode performance when hydrocarbon and sulfur-containing fuels are 
used.32,35,72,73,74,75 Stability and performance in hydrocarbon and especially su fur-
containing fuels is the single biggest challenge facing anode development.76,77 There have 
been considerable efforts to understand the mechanism of anode poisoning and to 
improve the design of anodes, such that SOFC performance doesn’t significantly degrade 
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when carbon and sulfur are present within the fuel stream.78,79,80 The reaction of carbon 
with SOFC anodes is similar to that given in Reaction 11, which can be accounted for 
through the addition of steam as in Reaction 12.  A proposed mechanism of sulfur 
poisoning is given in Reaction 16. 
Reaction 16  ++→+ HSNiSyHxNi yx 22  
Until a suitable material exists that can effectively oxidize hydrogen from carbon and 
sulfur-containing fuels without long-term degradation, pure hydrogen or low molecular 
weight hydrocarbons (i.e. methane to propane) will have to be used. 
2.1.3 Cathode 
The cathode in SOFCs is responsible for the electrochemi al reduction of oxygen 
from O2 to O
2- as shown in Reaction 17.   
Reaction 17    −− →+ 22 24 OeO  
The oxygen ions formed by reduction then are incorporated in o the electrolyte, through 
oxygen vacancies, and conducted to the anode.  In order to function properly, SOFC 
cathode materials must be catalytically active to oxygen reduction, chemically and 
physically stable, compatible with the electrolyte, possess sufficient electronic 
conductivity and contain some porosity.  Cathode compatibility refers to preventing high 
temperature reactionary phases to form at the cathode-electrolyte and cathode-
interconnect interfaces, ensuring thermal expansion matching over the entire SOFC 
operating range as well as the rapid incorporation of oxygen ions into vacancies within 
the electrolyte.  In addition to being an electronic conductor, performance and activation 
overpotential can be significantly improved if the cathode is also an ionic 
conductor.81,82,83 
Since the cathode is constantly in an oxidizing atmosphere, the electrode materials 
are mostly oxide-based, which typically aren’t known for high electronic conductivities.  
LaMnO3 has intrinsic p-type conductivity due to cation vacancy formation at high 
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temperatures in oxidizing atmospheres.  The electrical conductivity can be increased by 
doping LaMnO3 with lower valency cations such as strontium and calcium, which 
increases the content of Mn4+ in place of Mn3+ according to Reaction 18.2  





−− →  
Therefore the most common cathode materials for oxygen reduction are perovskite-based 
doped transition metal oxides (e.g. LaxSr1-xMnO3+δ, LaxSr1-xCoO3+δ ).
 84 The total 
conductivity as a function of strontium dopant level is shown in Figure 11. 
 
 
Figure 11. Total conductivity of La1-xSrxMnO 3 cathode as a function of Sr content.
2 
 
The average thermal expansion coefficient of LaMnO3 is 11.2*10
-6 ºC-1 from room 
temperature to 1100ºC and increases with Sr content.2,85 A summary of thermal 










Table 3. Thermal expansion coefficients for some common SOFC cathode materials.86,87,88,89,67,90,91,92,93 


















































An analytical expression correlating cathode ionic conductivity with the thermal 
expansion coefficient was determined by Ullmann et al. and is given in Equation 13. 
Equation 13  CTELog o
510*9.208.7 +−=σ  
Figure 12 shows the relation between the CTE of common SOFC cathode materials and 
their oxygen ion conductivity. 
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SOFC interconnect materials act as current collectors and carriers between the 
anode and cathode of adjacent cells in a stack.41,42,43 They also act as a gas separation 
membrane between two adjacent cells, ensuring that oxidant and fuel mixing does not 
occur.  Similar to SOFC electrolytes, interconnect ma erials must remain chemically and 
dimensionally stable in a dual oxidizing-reducing environmet.  Where SOFC 
electrolytes must remain ionically conductive and electronically insulating during 
operation, the interconnect must possess the opposite prop rties.  Interconnect materials 
must remain electronically conductive and ionically inert during SOFC operation.   
SOFC stack engineering, materials and fabrication costs are till significant hindrances to 
production of these devices.  Though SOFCs operating at temperatures above 750°C are 
currently performing better, they also cost almost 8x more than those operating below 
that temperature.  Currently the reason for this is the cost of ceramic interconnects that 
can withstand those operating temperatures.  At over $200 per kW, ceramic interconnect 
materials alone account for 90% of the total material costs for high temperature SOFCs.   
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Lowering the operating temperature into a range where metallic interconnects can be 
used reduces the interconnect materials cost by 200% to $10 per kW.  Table 4 shows a 
comparison of the relative cost per kW for SOFCs using metallic or ceramic interconnect 
materials. 
 
Table 4. Relative cost per kW of SOFC materials in a stack with metallic-based interconnects and 
with ceramic-based interconnects.1  












Electrode Stack 22.6 9.875 22.6 69.325
Interconnects 206.25 90.125 10 30.675
Total 228.85 32.6  
 
 
The interconnect composition used for SOFCs is dependent on the application and 
temperature range.  The composition determines the physical properties of the alloy and 
further the temperature range at which the thermal properties mirror those of the 
electrolyte.  Ferritic-based alloys involving nickel and often chromium have the ability to 
serve as SOFC interconnects at intermediate operating temperatures.  Potential stainless 
steel compositions are shown in the phase diagram in Figure 13. 
 
 
Figure 13. Fe-Ni-Cr phase diagram. 
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Though these materials have high conductivity and mechanical strength, their operating 
temperature range is limited by many factors such as oxidation, phase transitions, creep 
and curie temperatures.47 Optimal compositions of iron, nickel and chrome have be n 
determined, but vary greatly depending on the operating temperatur  range, thermal 
cycling frequency, and electrolyte material used.97 Since no single alloy has thermal 
expansion characteristics identical to YSZ from room te perature to SOFC operating 
temperatures, an alloy has to be picked specially for the application.98 Therefore a 
different alloy would be used for a long-term continuous stationary application than 
would be used for an auxiliary power unit (APU) that cycles as needed.  Longetivity for 
stationary applications has been predicted to be from 40,000-8 ,000 hrs and therefore 
degradation and aging mechanisms must be reduced considerably.94   
Doping of the interconnect material with rare earth oxides has shown to increase 
lifetime by drastically reducing the oxidation rate, while aving a negligible effect on the 
thermal properties.97 In order to improve the oxidation resistance a multitude of rare-earth 




Figure 14. Weight gain of various doped interconnect alloys showing that addition of Y2O3 results in 
increased oxidation resistance.95 
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Chromia scale as well as other oxide formations due to these dopant ions has also been 
determined, mostly under oxidizing conditions.  However this is only relevant at the 
cathode, where the interconnect material is exposed to oxidizing atmosphere.  The 
chromia scale formed between the interconnect and cathode also leads to chromia 
poisoning due to vapor phase transport as given by Reaction 19.96 
Reaction 19  222232 )(225.1 OHCrOOHOOCr →++  
At the anode side of the SOFC, the interconnect could encounter any number of 
different reducing gases from syngas to heavy sulfur-containi g fuels.  Therefore the 
interface would also be influenced by any reactions due to deposition and subsequent 
degradation at the anode side.46,47,48 Deposition, particularly of sulfur and carbon, is 
incredibly suffocating to the anode stream of the SOFC.  New phases, such as sulfur 
dioxide, resulting from interactions of the metallic alloy and sulfur or carbon containing 
fuels could potentially have drastically different physical properties than those of the 
parent metal and ruin the interface.33,34 Typically the interconnect material is placed in a 
single atmosphere, whether it be oxidizing or reducing, and characterized.   
Ferritic-based alloys involving nickel and often chromiu  have the ability to 
serve as SOFC interconnects at intermediate operating temperatures.  Though these 
materials have high conductivity and mechanical strength, their operating temperature 
range is limited by many factors such as oxidation, phase tr nsitions, creep and curie 
temperatures.47 Optimal compositions of iron, nickel and chrome have be n determined, 
but vary greatly depending on the operating temperature range, thermal cycling 
frequency, and electrolyte material used.52,97 Since no single alloy has thermal expansion 
characteristics identical to YSZ from room temperature o SOFC operating temperatures, 





Table 5. Thermal Expansion Coefficients of some SOFC interconnect materials. 
α*10-6 K-1 Α*10-6 K-1 
(25-800ºC)  (25-1000ºC)
Cr Fe5 Y203 - 11.3
83
Cr Fe5 Y203 11.3 12
65












One of the major problems facing the advancement of SOFC technology is sealing 
between cells in a stack.99,100 Typical glass and ceramic seals can form reactive phases, 
leak and/or degrade over time, decreasing SOFC performance.101,102,103 Recent work 
addressing the issue of SOFC sealant materials has improved, but not solved the 
problems facing them.99,100 Hard seals such as those achieved using glass sealant 
materials are rigid and readily prevent gas mixing, but degra over time due to 
atmospheric conditions.103,104,105 The seal itself is manifested from chemical bonding of 
the sealant material with the individual cells forming a single structure.  Degradation can 
be due to ionic diffusion leading to secondary phase formation s the glass reacts with the 
SOFC materials or can be due to reactions with the oxidizing and reducing atmospheres 
causing leaks.101-104 Glass seals also have difficulty relaxing to the thermal stresses of 
cycling and often crack the materials in which they are in contact.  Soft or compressive 
sealant materials such as various mica compositions and ceramic fiber seals have also 
been examined.  Compliant sealing such as with mica or metallic gaskets requires the use 
of external pressure to facilitate the seal.  These materials leak more than the rigid glass 
materials, but show better thermal cycling characteristics.  In fact soft seals aren’t 
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actually seals, but rather permeation resistors aimed to reduce leakage rates rather than 
eliminate them.   
Soft seal is the name given to seals made which do not chemically bond to either 
the ceramic or metallic plate, but instead rely on an externally applied compressive force 
to deform a soft, compliant material to create a gas tight seal.  Most research in this area 
involves a metallic gasket formed within or welded to the metallic interconnect.  This 
metallic gasket consists of one or more thin deformable contours that will under pressure 
mate hermetically to the ceramic plate.  The advantage o these seals is that since they do 
not bond the layers, they are free to expand differentially without building up stress 
during thermal cycling. Another advantage to these soft sealing systems is their ability to 
be readily disassembled. 
Another type of soft seal based on ceramic materials is the application of mica as a 
gasket material.106  Mica, a mineral composed of layers of thin plates, is suitable for high 
temperatures and has the ability to deform and compress due to th  natural gaps between 
the plates.  In both the case of mica and with the metallic compression seals, many 
problems have been encountered.  In each case, the quality of the seal is a reflection on 
the flatness and smoothness of the surfaces to be mated.  Minor defects in the ceramic 
fuel cell or the interconnect can eliminate the possibility of ever attaining a complete seal.  
It is also interesting to note, that those researchers working in this field discuss the actual 
permeation rate through the seals indicating that they ar  seeking a low number that 
would be acceptable and not able to consider zero permeation as an answer.   
Furthermore, gasket type soft seals require external pressure to produce the seal.  
This requires that the stack be placed in a high strength frame capable of evenly applying 
pressure through thermal cycling.106 The pressure on any unit length of seal will dictate 
its ability to be gas tight.  As cell sizes and number of cells in the stack increase, the 
required pressure also increases, often beyond reasonable levels, and whereas duplicate 
and wider gaskets will produce seals with lower leaks and higher reliability, this similarly 
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increases the required pressure. Many leaks for these cell  can also be blamed on the 
added rigidity induced near the corners of the gaskets where t  change in geometry adds 
stiffness and diminishes the seals’ ability to conform.   
One other method of producing a soft seal is to use a glass or metal material, which 
will not react with either the cell or interconnect and flow to fill the space at the operating 
temperature of the fuel cell.  These seals are typically short lived given that they continue 
to flow for the life of the cell and cannot be used in the case of pressurized systems.  
These systems can be based on either a load frame to encourage material filling or simply 
by the design of suitable wetting in the materials to all w surface tension to drive the 
sealing process. The overall prospects for soft sealing systems appear that it will be 
limited to laboratory scale systems for the meantime.107 
Hard seals are produced either through glass, glass-ceramics or metallic 
brazing.108,109,110 These systems were initially developed as sealing techniques for single 
cells to produce gas tight fittings in laboratories or focells sealed to a ceramic 
interconnect as in previous higher temperature fuel cells.  With the hard seals, a bonding 
material is heated to the point at which it will flow and react with the adjacent materials 
to form a chemical bond.  This process is similar to the seal at the base of a standard 
incandescent light bulb.  During the process, the bond phase goes beyond the glass 
transition temperature to flow and fill gaps and irregularities.  Some shrinkage will occur 
during this process.   
Once up to process temperature, the glass material will react to some degree with 
the metallic and ceramic plates.  In this case, the reaction zone will create a transitional 
bonding region where the chemistry may be modified by the reaction products.  Most of 
the reactive glass bonding materials are actually pyro-ce amics, which are essentially 
recrystallizing glass compositions.  These compositions flow like glass initially to fill 
voids and when held at an appropriate temperature for a suitble period of time will 
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precipitate a ceramic crystalline phase within the glass matrix adding substantial rigidity 
to the system.   
The bond formed by the glass-ceramic is a rigid bond and will transfer stress 
throughout the cell stack.  For this reason, thermal expansion match of the ceramic cell, 
interconnect and bonding layer must be extremely well matched.111  Stress concentrations 
due to thermal mismatch may be particularly concentrated within the bonding layer.  
Under-reactivity or over-reactivity with either the electrolyte ceramic or interconnect will 
create a weak bond destined to failure.  Depending on the glass composition and heating 
schedule, the crystallization process can occur over relatively fast or extremely long 
periods of time.  As the crystallization occurs, the properties of the seal change 
dramatically, especially the thermal expansion.  In some cases, the thermal expansion of 
the glass-ceramic can change by 30 % over subsequent heating and cooling cycles.  In 
spite of their difficulties, hard seals are generally seen as a more viable route to 
commercialization. 
Overall, the matching the thermal expansion of materils is one of the major keys 
to the success of bonding the planar stack components.  Well match components may 
lead to limited stress and an attainable strength threshold within the bond layer, but the 
bond layer itself is prone to difficulties.    Ceramics and metals are by nature difficult to 
bond and the requirements for this bond are extreme.  Th difference in bond type 
between ceramics and metals makes them inherently incompatible, only achieving bond 
through the formation of interlayers or reaction zones. Paradoxically, in some cases, these 
reaction zones develop new compositional ranges, which may poison cell components or 
be a source of porosity and leakage.101 Glass, by its nature more readily bonds to oxide 
ceramics than to metals.  Bonding to metals is achieved through a surface oxidation on 
the metal to form a mechanical bonding layer to the glass.  The oxidation process on the 
metallic surface is like any oxide scale; if it grows too thick, it will flake away from the 
metal surface. 
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Though presently there is no universal sealing method, resea ch to improve stack 
sealing has centered on glass, ceramic and glass-ceramic hybrid materials.  Hybrid 
sealant materials developed at Pacific Northwest Nation l Labs (PNNL) are the state of 
the art and have shown leakage rates as low as 0.01sccm/cm at 800°C for polycrystalline 
muscovite and phlogopite mica layers under 6.89*105-2.76*106 Pa (100-400psi) 
compressive stresses.112 Hybrid sealants using single crystal muscovite mica show 
leakage rates two orders of magnitude lower at compressive stresses of 1.72*105-
6.89*105 Pa (25-100psi).112,113,114,115 
2.2 SOFC Fabrication Methods 
SOFCs are typically fabricated by bulk ceramic processing methods such as tape 
casting, tape calendaring and screen-printing in conjunction with spray pyrolysis an/or 
magnetron sputtering, which are used to fabricate porous electrodes.116  A list of major 
companies performing research on SOFCs and their preferred fabrication methods for 
both electrolyte- and anode-supported cells is given in Figure 16(a-b). 
(a) 
Company Country Component Material Production Process Th ickness (um)
Sulzer Hexis CH Electrolyte YSZ Tape Casting NA
Cathode LSM Screen Printing NA
Anode NiYSZ Screen Printing NA
ECN/inDec NL Electrolyte YSZ Tape Casting NA
Cathode LSM Screen Printing 50
Anode NiYSZ Screen Printing NA
Fraunhofer Ges., IKTS D Electrolyte YSZ Tape Casting 150
Cathode LSM Screen Printing NA
Anode NiYSZ Screen Printing NA
CFCL AUS Electrolyte 8-, 3- YSZ Tape Casting 100
Cathode LSM Screen Printing 50-60
Anode NiYSZ Screen Printing 50
SOFCo USA Electrolyte YSZ, (Ce,Sm)O2 Pressing 180, 300
Cathode LSC Screen Printing NA
Anode NiYSZ Screen Printing NA
Tokyo Gas JP Electrolyte 3YSZ Tape Casting 50-100
Cathode LSM Screen Printing 150
Anode NiYSZ, (Ce,Y)SZ Screen Printing 30
Mitsui Eng. & Shipbuilding JP Electrolyte 8YSZ Tape Casting 300
Cathode (La,Sr)(Mn,Cr)O3 Painting 150
Anode NiYSZ Painting 150  
Figure 15. List of major SOFC companies performing research on (a) electrolyte-supported SOFCs 




Company Country Component Material Production Process Th ickness (um)
Sulzer Hexis CH Anode NiYSZ Tape Casting 250-500
Electrolyte YSZ, (Ce,Y)O2 Reactive Magnetron Sputtering 1, 5
Cathode LSCF Screen Printing NA
ECN/inDec NL Anode SubstrateNiYSZ Tape Casting 500-800
Anode NiYSZ Screen Printing 3-7
Electrolyte YSZ Screen Printing 7-10
Cathode LSM+YSZ Screen Printing NA
FZJ D Anode SubstrateNiYSZ Tape Casting 200-500
Anode SubstrateNiYSZ Warm Pressing 1500
Anode NiYSZ Vacuum Slip Casting 5-15
Electrolyte YSZ Vacuum Slip Casting 5-30
Electrolyte YSZ Reactive Magnetron Sputtering 2-10
Cathode LSM+YSZ Wet Powder Spraying 50
CFCL AUS Anode SubstrateNiYSZ Tape Casting 500-700
Electrolyte YSZ Lamination and Sintering 10-30
Electrolyte YSZ Reactive Magnetron Sputtering <16
Cathode LSM Screen Printing NA
Allied Signal USA Anode NiYSZ Tape Casting/Calendering 100
Electrolyte YSZ Tape Calendering 5-10
Cathode Doped LM Tape Calendering NA
Riso DK Anode NiYSZ Tape Casting 200-300
Electrolyte YSZ Wet Powder Spraying 10-25
Cathode LSM+YSZ Screen Printing 50
Mitsui Eng. & Shipbuilding JP Anode NiYSZ NA 1000
Electrolyte 8YSZ NA 30
Cathode (La,Sr)(Mn,Cr)O3NA 150
Global Thermoelectric CAN Anode NiYSZ Tape Casting 1000
Electrolyte YSZ Vacuum Slip Casting 10
Electrolyte YSZ Screen Printing NA
Cathode LSM Screen Printing 40  
Figure 16 Continued. List of major SOFC companies performing research on (a) electrolyte-
supported SOFCs and (b) anode-supported SOFCs along with heir preferred materials, fabrication 
methods and component thicknesses.116 
 
2.2.1 Tape Casting 
Tape casting is a ceramic processing method used to fabricate bulk thick 
films.117,118 The scalability and long standing success of the tape casting process makes it 
a legitimate technique for low cost manufacturing of many SOFC components such as 
electrolyte membranes, anode materials, interconnect layers and laminates thereof.1,2,17,22 
The process of tape casting involves the dispersion of powder in a solvent using a 
dispersant-binder-plasticizer combination to form a slurry, which is milled together to 
lower the viscosity.  The slurry is then added to a hopper and pulled on a carrier film 
under a doctor blade of a given height in order to prepare the bulk thick film.  The film is 
then dried in a chamber using flowing air (sometimes heated), where the solvent 
evaporates at a controlled rate until it’s finally spooled up at the end.  Schematics of the 
doctor blade assembly and tape casting process are shown in Figure 17(a-b). 
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(a)  (b)  
Figure 17. Schematic of (a) the casting process where the slurry is pulled under the doctor blade and 
(b) the entire tape caster including the drying chamber and carrier film take-up roll. 
 
Glenn Howatt invented the process known today as tape casting while, during 
WWII, he had to find a replacement for mica as a capacitor material.119 He then founded 
the first tape casting company, Glenco Corp. in Metuchen, NJ, to fabricate capacitors.  
Five years later, in 1952, he received the first patent on ape casting.120 J.L. Park of 
American Lava Corp of Chattanooga, TN developed a continuous casting process to 
fabricate bulk thin sheets of ceramic and filed a patent, which was issued seven years 
later in 1961.121 Research at RCA lead to the development of multilayer ceramics based 
on lamination of ceramics fabricated by tape casting, which also lead to co-sintering of 
ceramics and metals.122,123 The capability to laminate thin sheets of ceramic layers 
revolutionized the circuits and packaging industries, as RCA, IBM and Western Electric 
Co. were interested in computer applications.124,125 R.E. Mistler, D.J. Shanefield and R.B. 
Runk then wrote the first definitive publication on the ape casting process, after learning 
from H. Stetson, in 1978, after which the tape casting process became extremely popular 
both in research and industrial sectors.126 Since then, two excellent books have been 
written describing the fundamentals of the tape casting process: one by R.E. Mistler and 
E.R. Twiname, which describes the process from a ceramics perspective and one by D.J. 
Shanefield, which describes ceramic processing from a chemistry perspective.117,118 
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There are five basic ingredients necessary to prepare a slurry for tape casting: 
powder, solvent, dispersant, plasticizer and binder.  The powder characteristics, which 
will later form the ceramic body, are the most important parameters in determining how 
much of each component to add in order to prepare a stable/usable slurry.  Of the overall 
powder characteristics, knowledge of the exact surface area is critical.  Particle density 
and surface moisture content are secondary, but still important factors in slurry 
preparation.  The particle surface area determines how large a solids loading can be 
added to the solvent and how much organic (dispersant, plasticizer and binder) can be 
added.  In general, higher surface area particles can’t be loaded as highly into slurries 
because more organic additives are necessary to disperse and bind the particles stably.  
The most common surface area powders used for tape casting re between 5-10 m2/g or 
sometimes a bit higher and contain a narrow particle size distribution.117 
 The solvent is the vehicle or liquid within which the powder is dispersed 
homogeneously such that a uniform tape can be fabricated.  There are two major solvent 
categories used for tape casting: aqueous (polar) and organic (no -polar).  Aqueous 
solvent, such as water, is called the ‘universal solvent’ because it serves a number of 
purposes in the suspension.  Organic-based solvents (e.g. MEK, ethanol, isopropanol, 
xylenes) are usually used as binary mixtures in order to take advantage of the properties 
of both solvents.  The solvent of choice mostly depends on what organic additives are 
chosen, as the solvent must be able to dissolve the disp rsant, plasticizer and binder of 
choice, such that they can effectively adsorb on the particle surface and disperse the 
suspension.  The advantages of organic solvents are faster drying rates, faster production 
and some reports of improved properties as compared to aqueous solvents.  Aqueous 
solvents, however are much more environmentally friendly and don’t present a serious 
health hazard to those working with it.   
 A dispersant is a form of surfactant (literally surface ctive agent) that alters the 
surface properties of the powder particle such that it can be stably suspended (through 
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steric repulsion).  A dispersant or deflocculant provides an adsorbed layer on the particle 
surface that serves to separate individual particles from each other so that the solids 
loading can be sufficiently increased at a reasonable viscosity (~7000 centipoise and 700-
1000 s-1 shear rate) while using as little solvent as possible.117,118 A stable suspension or 
slip, is one that is deflocculated or rather has a continuous fluid phase surrounding each 
individual particle.  In aqueous suspensions, dispersants usually erve to adjust the pH 
and thus the surface charge of the particle leading to ionic repulsion.  Organic-based 
suspensions typically are dispersed using polymer additives (e.g. M nhaden fish oil, 
phosphate ester, polyethylene glycol, stearic acid) that adsorb on the particle surface and 
separate each particle by steric hindrance.  
 Binders are used to hold the particles together in ceramic systems.  In tape 
casting, the binders encase the particle in order to both hold the particles together and 
provide mechanical integrity to the system once in the gre n state.  The binder is 
therefore the only continuous phase in the green tape and probably the most important 
ingredient.  The binder will ultimately determine the green tape’s mechanical strength, 
flexibility, plasticity, laminatability, durability, toughness, printability (if it’s to be 
screen-printed over) and smoothness. 117 The binder material must be soluble in the 
solvent, able to achieve a reasonable low viscosity in the system, have a decent green 
strength, low Tg or the ability to be modified such that it has a low Tg and able to be 
burned out without leaving any residue behind. Typical binders used in tape casting are 
polyvinyl butyral, polyvinyl alcohol, methyl cellulose, polyacrylate ester and 
polytetrafluoroethylene. 
 The plasticizer is used to enhance binder performance in ramic systems and is 
added to make green tapes more plastic or bendable.  Two types of plasticizers exist: 
Type I and Type II.  Type I plasticizers are added to soften th  binder chains between 
particles or rather to lower the Tg of the binder such that the chains holding particles 
together become more flexible.  These types of plasticizers are sometimes referred to as 
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binder solvents.  Type II plasticizers act as lubricants in the slurry in order to allow the 
green tape to bend with less effort by lowering yield stress and increasing strain to 
failure.  The dual purpose of the Type II plasticizer causes it be termed the ‘body 
plasticizer’ or sometimes the ‘lamination aid.’  
 In SOFC systems, tape casting is most aptly used for fabrication of porous anode 
materials and dense electrolyte and interconnect materials.  Tape casting is best suited for 
homogeneous microstructures and therefore cathode materials ypically aren’t fabricated 
using this technique.  Since tapes can be cut and laminated tog ther without difficulty, 
co-sintered bi-layers of anode and electrolyte are easily f bricated.  This fabrication 
method significantly reduces cost and time as bulk quantities of fuel cells can be 
produced simultaneously and virtually continuously.  The introduction of the tape casting 
method into fabrication of SOFCs has pushed the limiting step in the fabrication process 
from component fabrication step the to the sintering phase.  SOFCs fabricated by co-
firing of tape cast layers have achieved an open circuit voltage over 1.1V and a power 
density of almost 1.8W/cm2 at 1000ºC.127,128 Long-term performance results have shown 
little change in terminal voltage under galvanostatic control.129 
2.2.2 Screen-Printing 
Screen-printing is probably the second most used (after tp  casting) ceramic 
processing fabrication technique for SOFCs.  Similar to tape casting, a slurry is prepared 
using powder, solvent and a dispersant/binder organic.  The slurry is typically of a 
different, higher viscosity and thus termed an ‘ink.’  First powder and solvent are mixed 
together along with the addition of some organic that serve  both as a dispersant and 
binder.  A patterned screen called a ‘mask’ is then placed ov r the substrate, the prepared 
ink placed on an edge of the pattern and a squeegee pulled over the mask.  A schematic 




Figure 18. Schematic of the screen-printing process. 
 
 Candidate components for the solvent and dispersant/binder are similar to those 
discussed in the above section on tape casting.  The solvent must be able to dissolve the 
dispersant/binder system such that the molecules can adsorb on and cover the particle 
surface, have a low viscosity at high solids loading (~40,00  centipoise and 400-1000s-1 
shear rate), have a low tendency to form bubbles and hve a decently fast evaporation 
rate.118 Solvents for preparation of inks include water, ethanol, is propanol, toluene, 
diethyl ether and heptane.  The binder/dispersant system has to both hold the particles 
together and apart in a uniform, homogeneous system.  Some organics/polymers used for 
dispersants are fish oil, oleic acid, glycerin, and polyvinyl butyral and for binders are 
polyvinyl alcohol, polyethylene glycol, ethyl cellulose, and polyvinyl butyral. 
Interest in the use of screen-printing for SOFCs started for the application of 
uniform cathode layers on top of electrolyte-supported cells.  A single print resulted in 
roughly a 30µm thick layer after firing, which is a desired thickness for SOFC 
cathodes.130  After research on the application of cathodes for electrolyte-supported 
SOFCs slowed down, screen-printing was looked at for the application of thin layers of 
dense electrolyte on anode-supported SOFCs.131,132 Dollen and Barnett achieved power 
densities of about 1.5W/cm2 at 800ºC using a 30µm screen-printed electrolyte fabricated 
using a 35-vol% solids loading ink.131 
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2.2.3 Electrophoretic Deposition 
 Electrophoretic deposition (EPD) involves the charging, mi ration and 
subsequent deposition of charged particles onto a substrate material in response to an 
applied electric field.133,134 The phenomenon was first discovered by De Bozes during a 
liquid siphon experiment and later put into application by Reuss, who noticed the electric 
field induced migration of clay particles suspended in water.135,136 The EPD process has 
since been believed to involve the following steps: (1) the formation of charged particles 
due to the creation of a lyosphere, (2) the migration of particles towards the deposition 
electrode in response to an applied electric field, and (3) the deposition of these particles 
on the desired substrate.137 Mechanistic studies have led to many different theories as to 
how particles deposit, including gravitational accumulation, DLVO, minimum field 
strength, hydroxyl induced polymerization, charge neutralization, and a combination of 
hydroxyl-induced polymerization with charge neutralization.133,134,138,139,140,141,142,143,144 
Sarker and Nicholson prepared a thorough review of these prvious deposition 
mechanisms and also added some of their own theories including thinning of the 
lyosphere, ahead of the particle, to a thickness less than the sphere of closest approach, 
resulting in van der Waals attraction.145 Later Van der Biest also added a review of 
previous literature, noting the role of the potential drop during the deposition process.146  
In addition, there have been many other theories, such as t e role of ionic depletion at the 
depositing electrode causing a local change in pH, the role of dissociative salts and 
hydroxide formation, and the origin and role of the potential drop at the deposit and 
effects due to suspension concentration.147,148,149,150,151,152 
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Electrophoretic deposition (EPD), a cost effective fabric tion method, offers 
many advantages such as simple apparatus, short deposition time, lit le restriction in the 
shape of deposition substrate, suitability for mass production, suitability for deposition of 
laminates and no requirement for binder burnout because the green coating contains little 
or no organics. The EPD technique has been used successfully for many applications, 
including biomedical materials,153,154 luminescent materials,155,156,157 gas diffusion 
electrodes,158 oxidation resistant coatings,159 multi-layer composites,160 oxide nano-
rods,161 carbon nanotube film, 162 functionally graded ceramics,163,164 layered ceramics,165 
superconductors,166 piezoelectric materials,167 thick film of silica,168 and nano-size zeolite 
membrane.169 The ability to form thin and dense deposits is of particular interest for solid 
oxide fuel cells (SOFCs).171,172 SOFCs are solid-state energy conversion devices, which 
may be well suited for many stationary and mobile applications.1 Typically, the metallic 
phase of anode cermets (most commonly nickel) is left in its oxide phase throughout the 
fabrication of anode- and electrolyte-supported SOFCs, due to problems associated with 
the re-oxidizing and re-reducing of the cermet.170 The oxide phase (e.g. NiO) gets 
reduced to its metallic form (e.g. Ni) in situ during the fuel cell testing which is 
conducted under reducing atmosphere.  It is impractical to use anode materials in its 
metallic/ reduced state before application of the cathode layer because the cathode must 
be fired in air, which leads to re-oxidation of the metallic anode. Since EPD is previously 
known to occur only on conductive substrates, the initial efforts to fabricate SOFCs by 
EPD focused on deposition of YSZ onto conductive cathode membranes such as 
La0.8Sr0.2MnO3 (LSM).
152,171,172,173,174,175 Cathode-supported SOFCs, however are not as 
mechanically robust as anode and electrolyte-supported structures and therefore are 
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considered somewhat inferior.  To that end, researchers t n moved to fabrication of thin 
film electrolyte layers on Ni-YSZ anode supports and sinteri g of the deposit either in 
air, which re-oxidizes the anode, or in a hydrogen-containi g atmosphere, which 
necessitates sintering of the cathode in situ.176,177,178 In order to prevent redox of the 
metallic phase of the anode, some researchers placed a conductive backing such as 
carbon or platinum on porous oxide substrates.179,180,181,182 EPD was still observed on 
these non-conductive substrates, though purportedly only becaus  of the conductive 
backing placed on the substrate.   
Contrary to the general assumption that EPD was limited to conductive substrates, 
we have recently observed the deposition of yittria-stabilized zirconia (YSZ) particles on 
porous, non-conductive NiO-YSZ substrates, given that those substrates are of sufficient 
porosity to allow the conducting solvent, within the lyosphere, a path to the working 
electrode.183 Though the authors didn’t make any claims to the fact, there have been a 
few reports in the literature that seem to show evidence that deposition can occur on a 
non-conductive surface.  Sarkar et al. found that when a dialysis membrane was placed 
anywhere between two EPD electrodes, a dense deposit formed even though it was not 
connected to the circuit.184  They also observed that the current continued to pass despite 
blockage of the particles.  In a similar study, Zhang and Lee also placed a non-conductive 
polymer sheet between the two EPD electrodes and observed the current to be much 
lower when the sheet was perpendicular to the electric field in comparison to the case 
when it was parallel.185  Ishihara et al. performed a series of depositions, each followed 
by a firing step, in order to fabricate a dense fuel cell el ctrolyte.180,182 It is evident from 
their experiments that after the first deposit was sintered, subsequent deposits were being 
formed on a non-conductive layer.   
2.3 SOFC Designs 
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 SOFC cell designs must factor in the potential restrictions of the materials used 
and the desired properties for each component. Cell designs must also take into account 
the physical, chemical, electrical, electrochemical and mechanical requirements of the 
stack at operating temperatures. Another consideration to fac r into designs of SOFCs is 
how to manifold them in order to ensure proper and safe gas transport to the electrodes.  
There are three basic SOFC designs: segmented-cell-in-sries, tubular and planar. Figure 
19(a-d) shows schematics of all three designs. 
 
(a)  (b)  
(c)  (d)  
Figure 19. Schematics of SOFC designs. (a) Segmented-cell-in-series design (banded configuration) 
used by Rolls Royce.186 (b) Segmented-cell-in-series design (bell-and-spigot configuration). (c) 




 Segmented-cell-in-series design was the first SOFC design having been proposed 
in the 1960s.  There are two configurations of this design: the banded and the bell-and-
spigot.  The banded configuration is shown in Figure 19(a) and co sists of components 
placed as thin ‘bands’ on a porous support with interconnects bracketed between the 
anode and cathode providing both sealing and electrical conne tion.  The bands are built 
and stacked as rings with the fuel flowing inside the porous support and the oxidant 
flowing outside the ring.  While gas manifolding is easier in the banded segmented-cell-
in-series design than in others, the problems are that the current path is quite long, 
leading to greater losses and lower performance than in other cell designs and fabrication 
can be expensive due because vapor deposition methods such as EVD are used.   The 
bell-and-spigot configuration is similar to a tubular design, as show in Figure 19(b).  
Though its advantages and disadvantages mirror those of the band d configuration, the 
general power output is considerably less due to thicker electrolyte layers.  An SOFC of 
the banded configuration containing 12 cells produced about 35W of power, whereas an 
SOFC of the bell-and-spigot configuration containing 10 cells only produced about 
20W.1,2   
 The Tubular design was proposed in 1980 and is sometimes referred to as the 
Westinghouse design, as the research done at Westinghouse turned this design from a 
proposal to a working stack.  The single biggest advantage of th  tubular design, show in 
Figure 19(c), is that it is sealless.  Since its sealless, lectrical connections and current 
collection can be made it the anode chamber rather than the cathode chamber and can be 
done with cheaper metals.  The SOFC tubes are bundled in pairs and electrical 
connections are made in series to each parallel bundle.  Fabrication of these cells is fairly 
inexpensive with extrusion and colloidal spray techniques being used for the majority of 
the components.  The interconnect is sometimes made using EVD, which increases costs, 
but not nearly as much as the segmented-cell-in-series design.  Gas manifolding is similar 
to the segmented-cell-in-series banded configuration except that the oxidant flows in the 
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middle of the tube and the fuel is passed over the outside of th  tube.  Disadvantages of 
this design include a long current path leading to greater losses, gas diffusion through the 
length of the tube causing mass-transport limitations and lower power density. 
 Planar or flat-plate designs offer the highest power density because the current 
path from cell to interconnect is the shortest resulting in less ohmic losses.  These 
designs, sometimes called monolithic designs if a corrugated structure is used, consist of 
individual cells stacked on top of each other, as shown in Figure 19(d).  Fabrication of 
these cells is perhaps the simplest of any design as allthe layers can be made by 
inexpensive ceramic processing methods such as tape casting nd screen-printing.  Many 
of the components are also fabricated together as bi-lyers and sintered as one unit, thus 
lowering costs, time and increasing integrity of the cell.  Gas manifolding becomes easier 
in this design when cross-flow is used.  Cross-flow is the perpendicular flow of oxidant 
and fuel.  Cell geometries are also very flexible in the planar design as squares, 
rectangles, hexagons and other shapes can simply be cut from the tapes and laminated 
together.  Disadvantages of the planar design include the formation of high temperature 
seals and the oxidation of metallic interconnects.   
 SOFC efficiency, regardless of design, can also be incr ased to upwards of 85% 
when the byproduct heat is converted to energy using a thermoelectric system.188  
Recently, increased efficiencies have been shown using gas turbine-SOFC hybrids (GT-
SOFC) where exhaust fuel and heat from the SOFC anode is us d to drive the compressor 
of the gas turbine, which in turn provides pressurized air back to the cathode of the 








III. PROPOSED WORK 
 
 The purpose of this work was to address certain engineering-related problems 
associated with low-cost fabrication of thin electrolytes and stacking of planar SOFCs.  
Ceramic processing techniques such as tape casting and screen-printing are low cost 
fabrication methods, however there is a limit to how thin of layers can be fabricated. 
Another ceramic processing technique, electrophoretic deposition, is used for fabrication 
of thin ceramic layers and coatings.  Ideally, fabrication of anode-supported SOFCs starts 
with a porous anode substrate upon which a thin electrolyte is deposited.  Due to the 
fundamental requirement of a conductive substrate for deposition by EPD, fabrication by 
this method was time consuming, often involving a serie of deposition and firing 
sequences.  We developed a method to deposit thin film electrolyte layers on porous non-
conducting anode substrates in a single step.  Not only have we shown that EPD can 
occur on non-conductive substrates, but we’ve reduced the number of processing steps 
from more than five to only one.   
Two of the biggest issues from an engineering perspective are with regard to seals 
and interconnects.  Tubular SOFC designs are sealless and their interconnect layers aren’t 
as subject to oxidation as those in planar designs. Tubular designs are also easier to 
bundle together to form a stack. Since planar designs have s orter current paths, their 
power densities are higher making this them more desirable than tubular cells.  If the 
planar design could be modified such it could become sealless s well, issues with 
reliability, lifetime and thermal cycling effects related to external seals would be 
eliminated.  We have developed a hermetic planar SOFC design that eliminates the 
necessity of external seals.  The new design incorporates a hybrid or composite region 
between the electrolyte and interconnect, similar to the seals formed in segmented-cell-
in-series and tubular designs. 
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Interconnect materials for SOFCs include doped lanthanum chromate ceramics 
and Ferritic stainless steels.  The conductivity of ceramic interconnects is too low to use 
below 800ºC and therefore are only used in high temperature fuel cell applications. 
Ferritic stainless steels have sufficient conductivity for fuel cell applications, however 
their oxidation resistance at temperatures above 700ºC isn’t adequate for long-term use.  
Since the interconnect doesn’t need to be a thick layer, we’ve investigated the use of 
noble metals such as silver for use as an SOFC interconne t.  Noble metals have a unique 
thermodynamic advantage over other metals in that their metallic phase is stable at higher 
temperatures and their oxide phase is stable at low temperatur s.  Therefore we’ve 
studied the properties of polycrystalline silver in single and dual atmospheres under 
SOFC operating conditions to determine silver’s ability to act as an SOFC interconnect.     
3.1 Electrophoretic Deposition on Non-conducting Substrates  
 EPD is a well-known thin film coating technique used in ceramic and metallurgy 
applications.  Some of the fundamental requirements for EPD are stably suspended 
particles in a high quality solvent and a conductive deposition substrate.  The necessity of 
a conductive substrate, however, comes into question whediscussing the mechanism of 
charge transport and particle deposition.  Some researchers argue that charge is carried by 
the particles themselves (possibly by physic-adsorbed ions on the particle surface) and 
not the solvent.185  Other experts believe that the charge is carried within the solvent 
vehicle (all lyosphere counter-ions transport charge) and not by the particle.145,148 If the 
charge is carried by the particle and not by the solvent, and the mechanism of particle 
deposition involves charge transfer (which is likely to be the case), then a conductive 
substrate is necessary for deposition to occur.  A conductive substrate would not be 
necessary, however, if charge is carried by the solvent b cause then particles could be 
deposited on a substrate that’s not conductive or connected to the electrical path while 
charge is still transferred.   
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 It’s this conundrum of charge transport and deposition mechanism, along with a 
single body of work by Sarkar and Nicholson184 that triggered an idea, which became the 
most complete body of work presented in this thesis.  The idea was that a conductive 
substrate is not necessary for deposition to occur, so long as charge can still be 
transferred at the deposition electrode.  The foundation for this idea was knowledge that a 
stable particle is surrounded by a lyosphere of counter-ions, and its those counter-ions 
along with the ions adsorbed to the particle surface, that allow for particle movement, 
deposition and charge transfer.  Therefore as long as solvent ions have an unobstructed 
path to the deposition electrode, charge transfer can be completed and particles can be 
deposited anywhere between the two EPD electrodes.  Thi theory isn’t without merit or 
supporting information as colloidal or particle stability is generated by the formation of a 
charged lyosphere.  That lyosphere is most often the direct result of added counter-ions to 
the system, not due to solvent-particle interaction.  Therefore the formation of a charged 
lyosphere around a particle is the direct result of externally added counter-ions, meaning 
that it’s those ions that give charge to the system.  Current is the rate of charge movement 
thus charge transfer must be due to the counter-ions in the lyosphere, not from the 
particle.  This reasoning prompted the idea of performing EPD on porous non-conductive 
substrates.  The hypothesis was that particles could be deposited on a non-conductive 
substrate placed between the EPD electrodes given that the substrate contained sufficient 
open porosity such that charge could be transferred between th  EPD electrodes, just as it 
was in the dialysis membrane experiment.184 
 The importance of being able to deposit particles on non-conducting substrates 
lies not only in its novelty, but also in its potential o revolutionize the fabrication of 
SOFCs by EPD.  As was outlined in section 2.2.3, EPD has been used to deposit thin-film 
electrolytes for cathode- and anode-supported planar SOFCs.  Though Ishihara, Yamaji 
and Matsuda have all fabricated high-performance SOFCs using EPD, their fabrication 
route or number processing steps is are too numerous to any realistic scaling and 
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reproducibility.  Ishihara obtained a power density if 1.87W/cm2 at 1000ºC, however 
their process required five repetitions of particle deposition followed by sintering at 
1400ºC.  In two other works by Ishihara, 6 and 12 repetitions were required to obtain a 
reasonable open circuit voltage and power density.172 Given that a single firing step to 
1400ºC can take up to 24hrs, a process such as theirs could take well over a week before 
the SOFC was suitable for testing.  Though long fabrication times are fine for research 
purposes, they aren’t suited for industry and mass production.  Will,176 Yamaji179 
Matsuda181 and Hosomi190 all fabricated anode-supported SOFCs by EPD, using 
conductive Ni-YSZ substrates.  Each of their processes only required a single deposition 
and firing step, however the Ni within the deposition substrate had to undergo multiple 
redox cycles.  After these researchers fabricated the anode substrate in the oxide (NiO-
YSZ) state and then reduced (Ni-YSZ) to form a conductive substrate, it was re-oxidized 
during cathode sintering.  The anode must be re-oxidized becaus  cathode materials must 
be sintered in an oxygen-containing atmosphere. Redox cycling of the anode substrate is 
problematic because of the associated volume expansion and contraction, which causes 
cracking and/or delamination from adjacent layers.170,191,192 
From this review of SOFC fabrication by EPD, it’s obvious that the ideal situation 
would be to eliminate the necessity of a conductive substrate while also fabricating an 
electrolyte layer in a single step.  Therefore we proposed to deposit thin film YSZ 
electrolyte layers on non-conductive NiO-YSZ substrates.  As was outlined previously, 
our theory is that sufficient porosity within the NiO-YSZ substrate will allow for counter-
ions in the lyosphere to be transported through the substrate and complete the charge 
transfer at the deposition electrode while the particles ar  deposited on the substrate.  In 
this manner the substrate won’t have to be redox cycled, eliminating volume expansion 
issues, and an electrolyte layer can be deposited and sintered in a single step. 
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3.2 Hermetic SOFC without Sealant 
SOFC technology is hindered by the number of interfaces within a single cell and 
the number of extra interfaces needed to stack cells together.  Interfaces are the number 
one cause of all performance, material and reactionary problems encountered.  The 
cathode-electrolyte interfacial resistance limits performance when H2 is used as the 
fuel.193   Seals are failing due to phase instability at the interface with SOFC components 
such as the interconnect.48-51 Interconnect materials form reactionary phases bothat 
interfaces with the electrodes and with the atmosphere.45-47,50 Electrodes, particularly the 
cathode, become poisoned by chromium species diffusing from the interconnect. 45 
Current research has tried to improve these interfaces by incorporating intermediary 
phases aimed to decrease resistance, ion mobility or phase reactivity. Adding new 
materials to SOFCs only increases their complexity and the potential for more reactions 
to occur.  For every new material added to a SOFC, up to two new interfaces are 
developed.  Eventually, if further intermediary phases are added, the interfaces will 
control the material properties more than the bulk materials themselves.  This renders 
SOFC material choice useless.  Further the interfaces formed will need new materials to 
compensate for their reactionary tendencies. This cycle will continue until the complexity 
of SOFCs is decreased and building the cell out of only the necessary components for 
electrochemical operation can only do that.  Hermetically sealing SOFCs without the use 
of sealant will eliminate the need for unnecessary material addition and interface 
compensation.   
Rather than aiming to minimize the problem, the aim of this research will be to 
eliminate what we believe to be potentially extraneous components within SOFCs.  
Earlier the complexity of the SOFC system was attribu ed to its many components and 
subsequent numerous interfaces.  To reduce the complexity, the number of layers and 
differing materials in contact should be minimized.   Inthe case of interconnects and 
sealants, bonds and interfaces created between components can lead to the possibility of 
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CTE mismatch, chemical incompatibility, ion diffusion a d new phase formations.  Using 
a combination of ceramic processing techniques, metal and ceramic layers will be 
fabricated in a novel design to form the basis for hermetic SOFCs without sealant.  
Eliminating the need for sealant materials through the use of an inherent SOFC interface 
will  drastically reduce the number of problems SOFC materials and fabrication is 
currently facing. A simple SOFC design has been developed, which is shown in Figure 
21, that only depends on the four independent materials necesary for the electrochemical 


















Figure 21. Proposed hermetic SOFC without sealant. 
 
This hermetic seal is based on the formation of a blocking interface, which prohibits 
oxygen ion transport out of the cell.  The electrolyte its lf is used to prevent hydrogen 
leakage.  This novel SOFC design eliminates unnecessary inte face formation and 
material addition, thus greatly simplifying what is becoming a very complex system.  
The main goal of the proposed work is to fabricate and chara terize the 
hermetically sealed SOFC using low cost ceramic processing techniques. More 
specifically, the technical objectives are: (1) to effectively design a hermetic SOFC 
without the use of an external sealant, (2) to develop a cost effective technique through 
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novel combinations of ceramic processing and cathode deposition methods to produce the 
hermetic SOFC without sealant and (3) to characterize the transport properties of the each 
cell component and the interfaces between them, particul rly the novel interconnect-
electrolyte interface, under well-controlled conditions.  A range of possible interconnect 
materials for both stationary and cycling applications will be examined as well as the 
effects of cell geometry and fabrication method on reliability and bond strength.  
A fundamental understanding of the critical interface, th interconnect-electrolyte, will 
lead to novel SOFC architecture and stack designs.   The hermeticity or sealing ability of 
this interface will depend on the nature of the ceramic-metal interface to effectively block 
oxygen transport.  These SOFC designs will prove critical n forming a new generation of 
planar SOFC stacks and architecture. 
3.3 Silver-based Interconnect Materials 
Lanthanum chromite and ferritic stainless steel are cu rently the two major 
interconnect materials used for current collection and transport from a stack.  Lanthanum-
based chromates and chromites are highly conductive cerami  interconnects used in high 
temperature SOFCs (T>800°C), however their conductivity and therefore current 
collection efficiency decreases significantly in the int rmediate temperature range.41,43 
Metallic interconnect materials such as those based on the Fe-Ni-Cr phase diagram are 
much less expensive than the ceramic interconnects and operate at temperatures below 
750°C.195 Chromium containing alloy interconnects suffer from material instability, 
however, when exposed to a wide variety of fuels, as oxidation and chromium poisoning 
can readily occur at the cathode while carburization and sulfur poisoning can cause 
degradation at the anode.42,46,47 Therefore it is necessary to develop an interconnect 
material that can withstand operating temperatures around 750°C and remain stable in 
oxidizing, reducing and contaminating environments.   
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 Silver is a noble metal most often used in current colle tion and electrode 
applications due to its stability in oxidizing atmospheres, a  shown by the Ellingham 
diagram.21 Some researchers have shown interest in applying the inert properties of silver 
to SOFC interconnects.  Past literature has also documented silver to be a selective 
conductor of oxygen and therefore its use as an interconne t could cause oxygen to 
permeate into the anode chamber, resulting in gas mixing, oxidation of the nickel metal, 
lower fuel utilization, and reduced Nernst potential.  Many studies have been conducted 
on the permeation rate of oxygen through silver membranes starting with Dushman,196 
Whetten and Young,197 Coles,198 Burroughs,199 Beavis200 and Outlaw.201 Their primary 
focus was the use of silver membranes to admit high purity oxygen gas into vacuum 
systems, separate O2 from CO2 for space applications and to understand the catalytic 
behavior in the epoxidation of ethylene and partial oxidation of methanol to 
formaldehyde.202,203,204 Van Herle and McEvoy measured the diffusivity of oxygen 
through silver using impedance spectroscopy.205  They deposited a dense silver cathode 
by PVD followed by electroplating as well as a porous silver cathode by brush painting.  
Based on the angle of the impedance curve measured as a function of oxygen partial 
pressure, they proposed bulk diffusion of oxygen to be rate limiting. Kontoulis and Steele 
found impedance spectroscopy unable to measure the oxygen diffusivity, though DC 
polarization techniques proved to return consistent results.206 Their inability to resolve 
oxygen diffusivity could have been due to the fact that their frequency sweep was only 
down to 5Hz, whereas Van Herle and McEvoy swept to 100mHz.    
 The main focus of this work is to evaluate the use of silver in SOFC applications.  
More specifically, we intend to study the use of silver as a conduction path through any 
surface oxide of the interconnect in order to connect to reduced metal maintained at 
locations with lower oxygen activity in proximity with the fuel side of the interconnect.  
Due to previous reports that silver selectively conducts bo h oxygen and hydrogen, we 
intend to first study the oxygen permeation and diffusion rate through polycrystalline 
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silver in single and dual atmosphere environments.  Oxygen permeation through silver 
would result in gas mixing on the anode side, oxidation of the anode catalyst, decreased 
fuel utilization and decreased Nernst potential.    Once the temperature dependence of 
oxygen permeability through silver is known, the leaking current density can be 
calculated, which will give a realistic view of silver’s effectiveness as an SOFC 
interconnect. A low leaking current density would indicate that little performance loss 
would be seen if silver were used as an interconnect.  The second objective of this study 
will be to measure the degradation rate of silver in single and dual atmosphere 
environments. Single atmosphere studies simulate the use of silver as a catalytic material 
to enhance SOFC cathode performance.  The dual atmosphere environment emulates real 
interconnect conditions, where oxygen and hydrogen can mix in the lattice and form 
water.  Since SOFCs are considered to be stationary power sources, their expected 
lifetime needs to be on the order of 10+ years, therefore the silver interconnect can’t 




IV. ELECTROPHORETIC DEPOSITION ON NON-CONDUCTING 
SUBSTRATES 
 
4.1 Literature Review 
Numerous different techniques have been employed for deposition of thin and 
dense electrolyte films on anode supports,207 including physical vapor deposition (PVD) 
such as sputtering, pulsed laser deposition and molecular beam epit xy (MBE),208 
chemical vapor deposition (CVD) or electrochemical vapor deposition methods 
(EVD),209,210 combustion chemical vapor deposition (CCVD)211 and plasma 
technologies.212 However, the PVD and CVD deposition methods ordinarily require 
sophisticated and expensive equipment, making them either undesirabl  or impracticable 
for implementation in manufacturing processes.  These deposition methods are also 
plagued by high processing temperatures and limitations on the materials with which the 
support anode is made.   
Recently, there have also been many attempts to use electrophoretic deposition for 
SOFC fabrication.171-177,180-182 To date however, these studies used electrically conductig 
substrates for deposition of YSZ films by EPD. Ishihara et al. was the first to report 
fabrication of an SOFC by EPD. 180 YSZ, suspended in acetylacetone with 0.6g/L I2 was 
deposited on a thick LSM cathode at 5V for 3min and sintered at 1400ºC.  The process 
required at least 5 repetitions of deposition and sintering before an open circuit voltage of 
1.03V was achieved, resulting in a power density of 1.87W/cm2 at 1000ºC. Figure 22 
shows the surface and cross-sectional images of the caode-supported SOFC. 180 
 61
  
Figure 22. (a) Surface and (b) cross-sectional images of SOFC fabricated by Ishihara et al. 
 
Later, Ishihara et al. deposited YSZ on a NiO-CaSZ anode, which was coated with 
platinum to make it conductive.182 The anode-supported cell required 6 repetitions of 
deposition at 10V for 3min followed by sintering at 1375ºC.  The anode was then reduced 
at 1000ºC for 1hr in H2 prior to cell operation.  The evolution of the open circuit voltage 
and power density with each repeated deposition is shown in Figure 23. 
 









































Figure 23. Evolution of OCV (□) and power density (●) with increased repetitions. 182 
 
In 2000, Ishihara et al. again deposited YSZ on LSM, only this time they determined that 
12 repetitions were necessary to achieve a working SOFC.  The cell operated at less then 
1.5W/cm2 and had an OCV of about 1.1V.172 Yamaji et al., in 2004, prepared a pressed 
pellet of NiO-ScSZ containing graphite and deposited YSZ due the conductive graphite 
filler.179 Matsuda et al., then coated the front of a NiO-YSZ substrate, deposited YSZ at 
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400V for 30 sec, and burned away the graphite during sintering.181 Their cell achieved an 
OCV of 1.09V and power density of 1.02W/cm2 at 800ºC.  Hosomi and Matsuda again 
repeated their process a year later in 2006 and reported an OCV of 1.15V and a power 
density exceeding 2W/cm2 at 800ºC.213   
In this work we report our findings unique method for electrophoretic deposition 
of thin and dense YSZ films on a non-conducting NiO-YSZ substrate for SOFC 
applications. Contrary to the general assumption that EPD was limited to conductive 
substrates,214,215 we have recently observed the deposition of yittria-stabilized zirconia 
(YSZ) particles on porous, non-conductive NiO-YSZ substrates, given that those 
substrates are of sufficient porosity to allow the conducting solvent, within the lyosphere, 
a path to the working electrode.216,217 The novelty of the process lies in the fact that it 
does not necessitate the need for any heat treatment under reducing atmosphere or use of 
a conductive substrate/coating. The deposition has been made possible simply through 
the use of adequately porous substrates to ensure presence of a onducting solvent path 
during EPD. The process of EPD on non-conducting substrates will be discussed from 
proof-of-concept experiments to fundamentals of the deposition process218 including 
statistics of process reproducibility,219 optimization, empirical and physical modeling. 
4.2 Proof of Concept 
Porous NiO-YSZ substrates used for electrophoretic deposition were formed via 
tape casting. Commercial NiO powder (Alfa Aesar, USA) containing a maximum particle 
size of 10µm was too large to stably disperse in a slurry for tape casting and therefore 
was milled with 6mm diameter YSZ balls as the milling media in ethanol for 96hrs.  
Milling yielded much smaller particle sizes than the as-received powders as shown in 
Figure 24.  
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(a)  (b)    
(c)  
Figure 24. SEM images showing particle size of NiO powder (a) as received, (b) milled for 96 hrs, and 
(c) milled for 240 hrs. 
 
The milled NiO powder was then dried, ground to separate agglomerates and mixed with 
YSZ powder.  The YSZ powder (Daiichi Corporation, 8 mol %) with a median particle 
size of 0.26µm was dried at 120°C for 48hrs prior to use to ensure removal of constituent 
hydroxyl groups from the surface.  Mixing of NiO and YSZ powders was made in a 
stoichiometric ratio that would produce a 1:1 volume ratio of Ni to YSZ after reduction.  
The slurry for tape casting was prepared in a two-stage ball milling process. The mixed 
powder was first dispersed in a 50:50 mixture of ethanol and xylenes using Menhaden 
Fish oil and then milled for four hours with 6mm diameter YSZ balls as grinding media 
to prepare a slurry of 17.3 vol % (or 65 wt %) solids loading. After four hours, polyvinyl 
butyral (PVB) was added as binder and two plasticizers namely- Polyalkylene glycol (to 
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reduce the binder Tg and control plasticity) and Butyl benzyl phthalate (as lubricant and 
to control plasticity) were added to the slurry and milling resumed for 24 hrs.  
After de-airing in a vacuum oven at -5mm Hg for 15 minutes, to eliminate air 
entrapped in the suspension during milling, the slurry was cast using a stationary blade 
six-foot tabletop caster (Richard E. Mistler Inc.).  The tabletop caster was equipped with 
a DC motor, variable speed control, heated five-foot cas ing bed, one-foot square granite 
casting block, and counter directional mass-controlled airflow. Casting was performed at 
a blade height of 150µm and a rate of 20cm/min.  The casting chamber atmosphere was 
controlled using flowing air at a rate of 30mL/min and a he ted casting bed set at 26°C.  
The temperature and humidity were monitored throughout the duration of casting. After 
casting was complete, the tape was dried overnight, cut into 13mm discs and fired in air 
at different temperatures to obtain NiO-YSZ substrates of varying porosity. A typical 
schedule for firing the sample at 1400oC is presented in Table 6.  
 







25 - 200 4 0
200 - 450 1 0
450 - 1100 4 0
1100 - 1400 1 300
1400 - 1100 2 0
1100 - 25 4 0  
 
All NiO-YSZ samples fired from 1100ºC-1400oC were held for 5hrs at the peak sintering 
temperature. The fired samples were weighed and their diameters and thickness measured 
using calipers to estimate density/porosity as presented i Table 7.  
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Table 7. Relative density and/or porosity of NiO-YSZ substrates obtained by tape-casting and firing 










1400 77.5 22.5  
 
The surface of NiO-YSZ substrate obtained by tape casting was very smooth and of 
uniform thickness. The density and/or porosity values report d in this paper are an 
average of five samples with a repetition of five measurements per sample and are 
confirmed by volume fraction stereology measurements. Thi  ensured in minimizing the 
density/porosity data presented in Table 7. The resulting mcrostructures were analyzed 
using SEM and are given in Figure 25.  
       
(a)  (b)  
(c)  (d)  
Figure 25. SEM pictures showing microstructures of NiO-YSZ substrates obtained by tape-casting 
followed by sintering in air for 5hrs at different temperatures: (a) 1100ºC, (b) 1200ºC, (c) 1300ºC, 
and (d) 1400ºC. 
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Suspensions of YSZ powder were prepared by dispersing YSZ powder (TZ-8YS, 
Tosoh, Japan) in acetylacetone (Acac) under a high intensity ultrasonic bath in order to 
break up agglomerates and form a homogeneous and stable colloidal suspension. The 
median particle size, D50, was 0.54µm as measured by a Horiba CAPB-700 particle size 
analyzer resulting in a specific surface area of 2.2m2/g.  The particle size distribution is 
shown in Table 8. 
 
Table 8. Particle size distribution for Tosoh YSZ powder, as measured by Horiba CAPB-700. 
Distribution, vol % Cummulative vol % Particle size, 

















































































































It was equilibrated for 24hrs and sonicated again for 5min before electrophoretic 
deposition. The zeta potential of the YSZ-acetylacetone system was measured to be about 
8.5mV without the addition of any charging agents.  After addition of 0.2, 0.4 and 0.6g/L 
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of iodine to the system, the zeta potential increased to 41, 46 and 49mV, respectively, as 
shown in and similar to that reported by Ishihara and Chen.175,180   
 





































Figure 26. Influence of I2 on the zeta-potential and conductivity of YSZ particles suspended in 
acetylacetone. 
 
After addition of more than 0.5g/L of iodine, deposition ceased to occur in the system 
and some residual deposit was seen at the counter electrod , following the suspected 
proton formation charging mechanism.182 The conductivity and dielectric constant of the 
suspensions, as measured using impedance spectroscopy, are summarized in Table 9. 
 
Table 9. Zeta potential, conductivity and dielectric constant data for the YSZ-acetylacetone 
suspensions as a function of particle and I2 concentration. 
Acetylacetone 0 0 0 3.46*10-8 25.9
Acetylacetone 1 0 8 2.06*10-7 23.4
Acetylacetone 10 0 8 2.44*10-7 21.9
Acetylacetone 100 0 8 1.19*10-6 21.4
Acetylacetone 10 0.2 41 3.98*10-5 21.7
Acetylacetone 10 0.4 46 5.72*10-5 21.9















In contrast to many EPD processes, where suspension stability requires the addition of 
additives like binders, dispersants and charging agents,180,220 merely addition of the 
powder to the solvent followed by ultrasonication was sufficient for deposition to occur. 
The dispersion of YSZ in acetylacetone solvent was adequat  for development of positive 
surface charge on the YSZ particle surface, which facilitated migration of the particles to 
the oppositely charged cathode and deposition during EPD.  Most organic solvents, like 
the acetylacetone solvent used in the present investigation, re not completely anhydrous. 
Invariably some amount of residual water is present in these organic solvents. The 
development of surface charge, in the absence of I2, is possibly due to the presence of this 
residual water, which is responsible for charging in a manner similar to that in an aqueous 
medium.221 Based on the Debye-Huckel equation 
Equation 14    ( )xo κψψ −= exp  
and knowledge of the surface electrostatic potential,  





ψ =  
the Debye length, or double layer thickness can be approximated.  






















Based on the aforementioned values, the double layer thickness is about 10nm, which is 
reasonable for a colloidal system such as this.  The double layer thickness is the distance 
from the particle surface to the edge of the shear plane, as shown in Figure 27. 
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Figure 27. Relationship between the lyosphere, double layer thickness, surface charge density and 
zeta-potential. 
 
Charging agents for colloidal systems include acids (HNO3), metal-chlorides (MgCl2, 
AlCl3) and organics (polyethyl imine).
222  For fuel cells applications, metal chlorides 
aren’t desired because they could leave behind contaminants.  Acids also aren’t desired 
due to their corrosive behavior towards the electrodes and potentially the particles in 
suspension.  Organics could be used, except that they’d have to be burned out and could 
result in porosity.  Iodine is another well-known charging agent for particles in a ketone-
based solvent system, due to the keto-enol reaction that takes place.223 
Reaction 20  
( )










Halogen ions are used because they are able to push the keto- nol reaction towards the 
enol using general base catalysis.  When 0.2g/L I2 was present in the system, which forms 
1.8*10-5 mol/L H+, the theoretical surface charge density is 0.0796C/m2 and was 
measured to be 0.076C/m2.  Stable colloidal systems should have surface charge densities 
between 0.01 and 0.1 C/m2. 
The deposition experiments were conducted using an electrophoretic deposition 
setup shown schematically in Figure 28.  
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Figure 28. A schematic diagram of the electrophoretic deposition apparatus. 
 
The deposition apparatus consists of two electrode holders made of Teflon, as the 
principal components. One electrode holder is fixed and the o er is movable and can 
slide along two parallel rods at the bottom so that the distance between the electrodes can 
be adjusted to a desirable position. Each of the electrode h lders has a circular window 
facing each other to allow the electrodes to be fixed on it. NiO-YSZ substrates were 
mounted on the fixed holder with a spring contact at the back and served as cathode 
whereas a platinum disc served as the counter-electrode on the movable holder. The 
spring contact was made from a 0.5mm diameter platinum wire, the other end of which 
was directly connected to the negative terminal of the DC power supply unit. The silver 
and platinum were stable in the acetylacetone solvent and did not undergo any reaction in 
it. Unless otherwise mentioned, an electrode spacing of 1cm was maintained in all of our 
EPD experiments. The holders along with the electrodes were immersed in the reservoir 
containing the suspension of YSZ. Sedimentation of YSZ particles was prevented by 
agitation using a magnetic stir bar. Electrophoretic deposition experiments were carried 
out at constant voltages varied in the range from 50V to 300V, using a high voltage DC 
power supply unit (Model PS 310, Stanford Research Systems, USA) with a deposition 
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time from 1 to 5 minutes. During deposition, the YSZ particles were attracted and 
migrated towards the negative electrode (cathode) where ty eventually get deposited. 
Similar cathodic electrophoretic deposition of YSZ from acetylacetone has been reported 
by several other researchers.175,180,182 This indicates that the YSZ particles were positively 
charged in acetylacetone solvent.  The bi-layer consisti g of the NiO-YSZ substrate and 
the deposited YSZ were then sintered in air at 1400oC for 5hrs.  After sintering, an 
obvious thickness gradient was observed between the deposit at the center of the 
substrate and the deposit at the edge.  Figure 29 shows the dicrepancy between the 
thickness at the center and the thickness at the edge as a function of deposition time. 
 





















 Deposit thickness at center 
 Deposit thickness at edge
 
Figure 29. Plot comparing the deposit thickness at the center of the substrate to the deposit thickness 
at the edge of the substrate for different deposition times.  Note that NiO-YSZ substrates pre-fired at 
1100ºC and a deposition voltage of 50V was used in all experiments. 
 
The reason that the deposit thickness at the edge of thesubstrate flattened out after 
130sec time was that the area of the cathode electrode was less than that of the substrate.  
Since the cathode attracts the counter-ions of the lyosphere for charge transfer, particles 
are going to be steered to the center of the deposit and not to the edge.  Therefore in order 
to obtain a deposit of uniform thickness, the cathode area must be equal to or larger than 
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that of the substrate.  A schematic, showing the effect of cathode area on particle 







Figure 30. Schematic of particle deposition when the cathode area is (a) less than that of the substrate 
leading to concentrated deposition at the center and limited deposition at the edge and (b) when the 
cathode are is equal to that of the substrate such that uniform deposition occurs.  
 
In Figure 30, note that the dark arrows represent the least r si tive path for charge 
transfer to occur or rather the distance the counter-ions need to travel to achieve charge 
transfer.  Charged species always try to move along the least resistive path, which is why 
the particles concentrate in the center of the substrate as indicated in Figure 30(a).  When 
the cathode area is equal to or greater than that of the substrate, as in Figure 30(b), the 
path length for charge transfer is equivalent for deposition at the center or the edge, 
which leads to a uniform deposit thickness. 
Once uniform deposit thickness was achieved, a single fuel cell was constructed 
on the sintered bi-layer by brush painting a layer of mixed cathode consisting of a 50:50 
ratio of commercial La0.8Sr0.2MnO3 (LSM, Rhodia) and YSZ on the electrolyte followed 
by sintering at 1200oC for 2hrs. The fuel cell was fixed and sealed to an alumina tube 
using silver paste (Heraeus, C8710) and the silver wires were bonded to the electrodes as 
leads.  The seals were cured at 550ºC for 1hr before the fuel cell was cooled and a second 
layer of sealant applied. The cell-tube apparatus was then placed in a clam-shell (ATS 
Systems) furnace and brought to the testing temperature with continuous flow of H2 gas 
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as fuel and air the oxidant. Fuel cell performance and electrochemical impedance were 
measured using a Solartron Electrochemical Interface (Model SI 1287) combined with a 
Solartron Frequency Response analyzer (Model SI 1255) interfaced with a computer 
running Corrware version 2.4a software for potentiometry measurements and Zplot 
version 2.4a software for impedance measurements. The impedance was measured in the 
frequency range from 100kHz to 0.1Hz with 10mV amplitude. Figure 31 shows the 
surface and cross-sectional view of a sintered YSZ film obtained by a single deposition 
step.  
 
(a)  (b)  
Figure 31. Typical SEM pictures showing (a) surface and (b) cross-sectional image of YSZ film on 
NiO-YSZ substrate (pre-sintered at 1100ºC for 2hrs), obtained by constant voltage EPD at 50V for 
1min. The deposits were sintered at 1400ºC for 4hrs. The cross-sectional image was taken after 
SOFC testing with an LSM-YSZ composite cathode layer painted on it. 
 
The surface view Figure 31(a) clearly reveals a YSZ film with no cracks.  There appears 
to be some intra-granular holes on the surface of YSZ film, but a close examination of the 
cross section Figure 31(b) reveal that they are isolated nd are not continuous in nature. 
This ensures that the YSZ film is sufficiently dense to prevent gas permeation and would 
serve as a good electrolyte for SOFC. The thickness of the YSZ film was about 5µm. 
There is good adherence of the electrolyte to the porous NiO-YSZ substrate. There 
indeed appear strong interconnections between the YSZ grains of the film and the 
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substrate, which is helpful to transport of oxygen ions from the electrolyte to the anode 
during SOFC operation. X-ray diffraction of the sintered film shows the presence of 
polycrystalline YSZ grains and also polycrystalline NiO grains, as shown in Figure 32.   
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Figure 32.  XRD pattern of YSZ film deposited by EPD. 
 
Figure 33 shows the performance of a SOFC constructed on sintered bi-layers, 
tested in H2 at varying temperatures.  
 






































Figure 33. Performance characteristics of SOFC with configuration of NiO-YSZ/YSZ/LSM-YSZ as a 
function of operating current density, tested with H2 as fuel at different temperatures.  Power density 
represented by ● and voltage represented by □.  
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An open circuit voltage (OCV) of 0.91V was obtained at 850oC, suggesting that the YSZ 
layer was fairly dense, but that some gas leakage occurred. A peak power density of 
611mW/cm2 with a corresponding cell voltage of 0.41V was obtained at 850oC. The cell 
also exhibited a reasonably good performance at 750oC, with a power density of 
384mW/cm2. Such improved performance at intermediate temperature rang  is 
significant since this will help reduce the degradation of cell components, increase 
flexibility in cell design, and lower manufacturing costs by broadening materials choices, 
especially the use of cheap and readily available ferritic steel interconnectors.41,42 The 
performance curves are in concurrence with the impedance data shown in Figure 34, as 
measured under open circuit condition from 650 to 850oC using a two-electrode 
configuration.  
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Figure 34. Typical impedance spectra of a SOFC with configuration of NiO-YSZ /YSZ/LSM-YSZ 
under open circuit condition using a two electrode configuration, tested using H2 as fuel. 
 
Decreasing the total interfacial impedance of an SOFC is an important objective for 
improving the performance of SOFCs. The total interfacial impedance determined from 


















850 0.145 0.22  
 
4.3 Statistical Modeling & Reproducibility 
Statistical design of experiments can be used for optimization of linear and non-
linear systems.224 Factorial designs allow the effects of several different factors to be 
analyzed and combined into a response model.  To create a 2k factorial design, all 
combinations of k-factors set at two different levels with respect to a central point are 
evaluated and the response must be assumed to be relatively inear over the range of 
factor levels.  Though typically used for screening experim nts rather than surface 
response modeling, 2k factorial designs are easily augmented and/or modified to form 
robust designs.224 Augmentation with centerpoint replicates allows for an estimate of pure 
experimental error and detection of curvature from second-order effects.  Improved 
models for non-linear effects are achieved through augmentatio  into central composite 
designs.225   
4.3.1 Factorial Design 
Before fabricating the treatment combinations, some brief screening experiments 
were conducted to determine reasonable factor levels and the centerpoint placement.  
Depositions of YSZ were performed on porous NiO-YSZ pellets using varying voltages 
(25 to 500 V) and times (30 seconds to 5 minutes).  The resulting green deposit was 
observed for substrate coverage, consistency and uniformity. After the preliminary 
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depositions were completed, high and low levels were chosen for each factor.  The levels 
for factor A (substrate firing temperature) were chosen based on characterization of the 
substrate porosity and ranged from 1100°C-1300°C.  Factor B (deposition voltage) and 
Factor C (deposition time) were chosen to range from 50-300V and 1-5min, respectively.  
SOFC performance and impedance spectroscopy characterization were measured using a 
Solartron 1287 electrochemical interface and Solartron 1255 frequency response analyzer 
running Corrware and Zplot software, respectively.  The characterization range was from 
550°C to 850°C with humidified hydrogen (3 vol% H2O) as the fuel and air as the 
oxidant.  Though the samples were characterized over a range of temperatures, statistical 
models were only prepared for the highest operating temperatur , in this case 850°C.   
A 23 factorial design with the addition of three centerpoint experiments was 
employed to determine both main and interaction effects on particle deposition, as shown 

























Table 11. Randomized experimental runs for 23 full factorial design with three repetitions of 
centerpoint. 
1 9 1200 175 3 Center
2 10 1200 175 3 Center
3 8 1300 300 5 abc
4 7 1100 300 5 bc
5 3 1100 300 1 b
6 1 1100 50 1 -1
7 5 1100 50 5 c
8 11 1200 175 3 Center
9 2 1300 50 1 a
10 4 1300 300 1 ab














Design Expert v.7 statistical software (Stat-Ease, Inc.) was used to determine the 
geometric notation and coded notation as well as randomize the treatment combinations, 
resulting in a standard and experimental order.  After all experiments were conducted, the 
desired responses of power density, area-specific interfacial resistance and deposition 
layer thickness were input into the factorial matrix, diagnosed and modeled using the 
software.  Factor effects with a significance level of 0.05 or lower (p-value ≤ 0.05; 95% 
confidence level) were included in the regression models.  
A 23 factorial design was chosen to model particle deposition because it provided 
the minimum number of experiments for which linear effects and interactions of all 
factors could be investigated.  Each factor was run at two levels and the intermediate 
response was assumed to be linear, which is necessary for 2k designs.  The assumption of 
linearity is considered valid for such responses as open circuit voltage and substrate 
density, but may not be valid for deposition thickness and power density.  There are 
methods to account for potential non-linearity within the design space, mainly through 
the introduction of centerpoints and model augmentation.  Centerpoints are essentially 
used to test for evidence of pure second-order or quadratic effects in the response region 
of exploration, represented by the regression coefficient βjj. Therefore, three repetitions of 
the centerpoint were added to the 23 factorial design.  Centerpoint placement within the 
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experimental order can be random or non-random depending on a number of 
considerations.  Randomizing the centerpoint runs allows the determination of linearity 
within the design matrix.  Addition of centerpoints to the design matrix allows for 
determination of unusual occurrences throughout the experiments.  In a well-known 
process, the centerpoint is often the normal operating co dition and periodic placement 
(non-randomly) ensures negligible deviation from operating standards.224 Plotting the 
periodic centerpoint responses in order can reveal abnormal baseline trends and 
experimental stability.  When a new process is being used, the centerpoint experiments 
can be front-loaded in the run order to determine the magnitude and reasonableness of the 
variability.  Since the EPD process was well known, but deposition on non-conducting 
substrates unknown, two centerpoint experiments were condu ted at the beginning of the 
run order while a third was inserted randomly. 
After completion of all factorial experiments and centerpoint runs, the treatment 
responses were used to determine the degree of main and interaction effects within a 
regression model.  Analysis of variance was completed and models were generated for 
the responses of deposition thickness, power density and interfacial resistance, with each 
model indicating that all factors and interactions were significant. Table 12 shows the 










Table 12. Analysis of Variance of 23 full factorial model shown in Table 1.  Note that the F-values 
listed are at the largest value allowed by the software and were driven to infinity as a result of 
insufficient degrees of freedom necessary to calculate the mean square error. 
 Sum of Degrees  Mean F p-value 
Source Squares Of Freedom Square Value Prob > F 
Model 1541.671 7 220.239 63660000 < 0.0001 
  Firing Temperature  787.847 1 787.847 63660000 < 0.0001 
  Voltage 317.394 1 317.394 63660000 < 0.0001 
  Time 16.217 1 16.217 63660000 < 0.0001 
  Firing Temperature*Voltage 165.529 1 165.529 63660000 < 0.0001 
  Firing Temperature*Time 37.802 1 37.802 63660000 < 0.0001 
  Voltage*Time 158.509 1 158.509 63660000 < 0.0001 
  Firing Temperature*Voltage*Time  58.374 1 58.374 63660000 < 0.0001 
Curvature 13.924 1 13.924 63660000 < 0.0001 
Pure Error 0 2 0     
Cor Total 1555.595 10       
  
 
The regression model was only significant if all of the linear, interaction, and curvature 
terms were simultaneously included.  However, there wereinsufficient degrees of 
freedom remaining to calculate the mean square error, which is the value representing the 
total model error.  With a model error value of zero, unrealistically large F-values and R2
and adjusted-R2 values of unity resulted.  F-values are calculated by dividing the mean 
square value for a factor by the mean square error for the entire model; therefore, the F-
values would be driven to infinity with a mean square error of zero.  The maximum F-
values that could be output by the statistics software are displayed.  Required mutual 
inclusion between the factors and interactions indicates that not enough information was 
present to form an accurate response model.  Similar results were obtained for the 
analysis of variance of the power density and area-specific interfacial resistance 
responses. 
4.3.2 Augmented Central Composite Design 
The factorial model was therefore augmented with 6 axialruns and two additional 
centerpoints, forming a central composite design (CCD). In addition, the original 2k 
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factorial experiments were repeated in order to validate the initial findings and potentially 
reduce model prediction error.  The choice of central composite design (spherical or 
cuboidal) depends mainly on whether the resulting design matrix needs to be rotatable 
and whether the design region encompasses non-allowable conditions.  Rotatable designs 
have equivalent prediction error for all design points, which is desired for optimization 
within an unknown system, yet necessitates more design runs and may not result in a 
significant reduction in prediction error compared to cuboidal or non-rotatable 
CCDs.224,225,226 Since two faces of the factorial matrix were near the extremes of 
allowable operation, an inscribed CCD was chosen.  Inscribed CCD’s are rotatable and 
allow the experimenter to utilize data points at or near on-allowable operating 
conditions.  Six inscribed design points were added randomly at coded factor levels of α 
= ±0.7, along with two additional centerpoints.  The inscribed CCD matrix and 














































17 1 1200 175 3 447 0.19 20
19 2 1200 175 3 442 0.191 20.2
8 3 1300 300 5 10 6.7 6.3
7 4 1100 300 5 406 0.47 38
3 5 1100 300 1 45.5 0.46 40.5
1 6 1100 50 1 611 0.215 5.3
5 7 1100 50 5 232 0.75 25
11 8 1200 175 3 442 0.191 20.2
2 9 1300 50 1 6.2 5.4 24
4 10 1300 300 1 0.7 5.9 11
6 11 1300 50 5 3 5.9 5.5
10 12 1100 50 5 224 0.72 27.5
8 13 1300 300 1 3.1 7.1 12
16 14 1300 300 5 5.2 6.1 7
12 15 1300 50 5 7 4.3 7
1 16 1100 50 1 628 0.21 6
18 17 1200 175 3 452 0.187 19.6
13 18 1100 300 5 404.7 0.44 38
5 19 1100 300 1 38 0.46 42
23 20 1200 262.5 3 35 2.9 23
26 21 1200 175 3 449 0.192 19.9
27 22 1200 175 3 431 0.189 20
24 23 1200 175 1.6 210 0.32 19
22 24 1200 87.5 3 100 1.2 14.6
25 25 1200 175 4.4 160 0.86 21
21 26 1270 175 3 80 2.7 13
20 27 1130 175 3 450 0.3 26
28* 28* 1174 216 3 616 0.192 25.9  
 
4.3.3 Model for Deposit Thickness 
Deposit thickness has a linear relation with deposition time and the amount of 
charge passed.137,176 The statistical analysis in the present study also identified significant 
two-factor interactions.  Figure 37(a-c) shows the surface response and interaction plots 
for the regression model for deposition thickness.   
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Figure 37. (a) Surface response plot for thickness model along with the (b) single factor and (c) 
interaction plots. Note that for single factor and interaction plots ▲ represents the high factor level 
and ■ represents the low factor level. 
 
Interaction plots were generated from model predictions by holding the factor not 
included in the plot at its intermediate level.  Based on tre ds observed in the diagnostic 

















Normal Plot of Residuals





















































































Figure 38. Residual plots of thickness model after power t ansform. (a) Normal probability plot of 
residuals (b) residuals versus predicted (c) residuals versus run number and (d) residuals versus 
block.  Note the outlier (experimental run #3) on the right of the normal probability plot and also at 
the top of the residual plots. 
 
The diagnostic plots therefore had a normal distribution with the exception of 
experimental run #3, which will be discussed later.  The regression equation for 












Since all of the linear effects and two-factor interactions were significant (the linear Time 
term remains in the model due to hierarchy) in the analysis of variance, as shown in 
Table 14, the full and reduced models are identical.   
 
Table 14. Analysis of Variance of reduced thickness interaction model. 
 Sum of Degrees Mean F p-value  
Source Squares Of Freedom  Square Value Prob > F  
Block 1.295 1 1.295   
Model 2868.757 6 478.126 25.58 < 0.0001 
  Firing Temperature  1337.485 1 1337.485 71.55 < 0.0001 
  Voltage 503.684 1 503.684 26.94 < 0.0001 
  Time 2.886 1 2.886 0.15 0.6988 
  Firing Temperature*Voltage 676.000 1 676.000 36.16 < 0.0001 
  Firing Temperature*Time 264.063 1 264.063 14.13 0.0013 
  Voltage*Time 84.640 1 84.640 4.53 0.0467 
Residual 355.188 19 18.694   
Lack of Fit 212.087 8 26.511 2.04 0.1359 
Pure Error 143.102 11 13.009   
Cor Total 3225.240 26    
  
 
Quadratic terms were not significant and only increased th  error if forced into the model.  
The fact that no quadratic terms were significant shows that the model follows a fairly 
linear trend between thickness and such variables as time and voltage, as mentioned 
previously.  The linearity between thickness and time and indirectly between thickness 
and the amount of charge passed is demonstrated around the cen erpoint, as shown in 
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Figure 39. Linear relationship between deposition thickness and (a) time and (b) voltage around the 
centerpoint experiments. 
 
The presence of interaction terms in the model gives rs  to some curvature at the 
extreme factor levels, which is why slight non-linearity is observed at the high and low 
levels of substrate firing temperature.  The regression coefficients and their 
corresponding t-values are listed in Table 15.   
 
Table 15. Thickness model regression coefficients and their corresponding t-values. 
Variable Coefficient t-value 
Intercept 19.398  
  Firing Temperature -8.875 -8.458 
  Voltage 5.446 5.191 
  Time 0.412 0.393 
  Firing Temperature*Voltage -6.500 -6.013 
  Firing Temperature*Time -4.063 -3.758 
  Voltage*Time -2.300 -2.128 
Values of |t|>2.0 indicate at least 90% significance  
Regression model R2=0.890, Adj R2=0.855  
Standard error of design (Sy.x) = 4.32   
 
The reduced model statistics of standard error (4.32), R2 (0.890), adjusted-R2 (0.855), and 
the signal to noise ratio (16.5) show that the model can a count for nearly all the 
variability in the response data.  The externally studentiz d residuals and Cook’s 
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Distance plots did reveal one outlier point, experimental run #3 from Table 13, however 
the leverage plot didn’t indicate the outlier influenced the response model more than any 
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Figure 40. Plots showing the influence of individual responses on the thickness model. (a) Externally 
studentized residuals (b) Cook’s Distance and (c) leverage plot.  Note that the outlier (experimental 
run #3) point is present at the top of the studentized residual and Cooks distance plots, but doesn’t 
have a greater leverage on the response than the other data points. 
 
The outlier data point (experimental run #3) was replicated in xperimental run #8, which 
resulted in a thickness value that appeared more suitable for the deposition parameters.  
Experimental run #8 is therefore considered a truer value for that treatment combination 
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and we speculate that the high thickness value observed for the utlier run was the result 
of a greater than normal porosity in the substrate. 
An increase in the substrate firing temperature inhibits deposition thickness as 
seen in the regression equation and Figure 37(a).   The reasoning for this is that as the 
substrate is fired at higher temperatures, the substrate porosity decreases.  Since the 
substrate firing temperature has such a large significance compared to the other factors 
listed in Table 15, porosity is believed to be the most influential factor on YSZ 
deposition.  The effect of porosity hasn’t been completely quantified, however, because 
potential contributing effects of particle curvature can’t be separated from the firing 
temperature factor. Though probably negligible compared to the porosity, the effects of 
firing temperature on particle curvature can’t be ignored.   
Except at the highest firing temperature tested, voltage hs a positive effect on 
deposition thickness, as increasing voltage will increase the particle transport and 
deposition rates.137,140,144  Reports have indicated that thickness varies linearly with 
voltage over a certain voltage range.175,180 The surface response in Figure 37(a) shows 
that the positive voltage effect lessens with increasing firing temperature and is negligible 
at the highest temperature.  Conversely, the temperature effect is also reduced as the 
voltage is lowered.  The changing effects correspond to the in eraction term.      
Deposition time has been reported previously to have a positive effect on 
thickness.145 Most reports indicate that there is a linear relation between thickness and 
time under constant current and constant concentration conditions.  The conditions used 
in these experiments were constant concentration, but not constant current and therefore a 
complete comparison couldn’t be made.  The relationship between the thickness and time 
appears to depend on the substrate firing temperature, as indicated by the significant 
interaction.  For all substrates fired at the lowest l vel (1100°C), the deposition thickness 
varies linearly with deposition time.  This is not the case however as the substrate firing 
temperature is increased.  At higher levels of firing temp rature the deposition thickness 
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appears concave, leveling off just as seen in other repots. 145,181 Concavity within the 
deposition profile is probably due to the non-linear relation between the substrate firing 
temperature and the resulting substrate porosity. 
All two-factor interactions were found to effect depositi n thickness.  The 
interactions of deposition voltage and time with firing temperature are significant because 
as the firing temperature increases there is less porosity and therefore less ability for the 
conducting electrolyte to move through the substrate.216 Subsequently, as firing 
temperature increases more voltage and time are necessary to build up a film deposit.  
Due to the decrease in substrate porosity however, the deposit thickness necessary to 
reduce the deposition rate is lessened.   The deposition voltage - deposition time 
interaction  results in a reduced layer thickness, which isn’t intuitive for the EPD process.  
The regression coefficient is the combination of the voltage-time interactions at each 
level of firing temperature.  Since the deposit thickness r lates linearly with firing 
temperature only at the lowest level studied, voltage and time effects only increase the 
thickness linearly at the lowest level of firing temperature.  When the voltage-time 
interaction is studied at higher levels of firing temperature, the results are mixed.  Lower 
values of the voltage-time interaction and higher levels of firing temperature typically 
lead to less particle velocity and deposition.  The negative sign of this interaction 
coefficient therefore indicates the strong necessity of porosity for deposition, regardless 
of the voltage and time.  High voltage and longer deposition time will still result in thin 
deposits even if the porosity is too low. This implies that there must be a critical porosity 
above which the voltage-time interaction has a positive affect and below which the 
voltage-time interaction has a negative affect.  The response data indicates that the 
critical porosity level is achieved at temperatures near 1100°C.   
4.3.4 Model for Power Density 
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A regression model based on the main, interaction and quaratic effects was 
developed from the observed power density responses.  Analysis of variance of the full 
model revealed trends in the residual plots, suggesting a variance stabilizing 
transformation of the power density values should be performed before a regression 
model is developed.  A Box-Cox plot indicated a logarithmic transform would be the 
most appropriate, which proved to negate any trends in the residual plots and normalize 
the data set.  The regression equation in actual terms is given below and the surface 
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Figure 41. (a) Surface response plot for power density model along with the (b) single factor Firing 
Temperature and (c) Deposition Voltage-Deposition Time interaction plots. Note that for single 
factor and interaction plots ▲ represents the high factor level and ■ represents the low factor level. 
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Although the model contains a quadratic term and the R2 values are very high, 
there is no evidence of “overfitting,” which would be the case if the model error were 
significantly lower than the measured experimental error.  The model error (Sy.x=0.232) 
is not lower than the experimental error (Stest=0.190) estimated by the pooled standard 
deviation of repeat experiments.  The experimental error variance term (Stest
2), is also 
reported as the mean square pure error in the ANOVA, shown in Table 16.  
 
Table 16. Analysis of Variance (ANOVA) of reduced power density quadratic model. 
 Sum of Degrees Mean F p-value 
Source Squares of Freedom Square Value Prob > F 
Block 1.983 1 1.983   
Model 18.757 5 3.751 69.703 < 0.0001 
  Firing Temperature 12.749 1 12.749 236.886 < 0.0001 
  Voltage 0.406 1 0.406 7.543 0.0124 
  Time 0.379 1 0.379 7.051 0.0152 
  Voltage*Time 1.047 1 1.047 19.462 0.0003 
  Voltage2 4.175 1 4.175 77.574 < 0.0001 
Residual 1.076 20 0.054   
Lack of Fit 0.678 9 0.075 2.082 0.1254 
Pure Error 0.398 11 0.036     
Cor Total 21.816 26       
  
 
The regression coefficients determined at a 95% confidence interval and their 
corresponding t-values are listed in Table 17.   
 
Table 17.  Power density model regression coefficients and their corresponding t-values. 
Variable Coefficient t-value 
Intercept 2.523  
  Firing Temperature (oC) -0.867 -15.39 
  Voltage (V) -0.155 -2.75 
  Time (min) 0.149 2.66 
  Voltage*Time (V*min) 0.256 4.41 
  Voltage2 (V2) -1.203 -8.81 
Values of |t|>2.1 indicate at least 95% confidence lev l  
Regression model R2=0.946, Adj R2=0.932  
Standard error of model (Sy.x) = 0.232   
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Model reduction lead to little change in the amount of variability explained by the 
model.  Reducing the model slightly decreased the R2 statistic from 0.953 to 0.946, but 
the standard error was favorably lowered from 0.242 to 0.232.  The adjusted-R2 statistic 
was 0.932 after reduction, correlating very well with the reduced model R2 statistic.  
Other model statistics such as the predicted error sum of squares (PRESS) and predicted-
R2, and their correlation with the R2 and adjusted R2 statistics, indicated that the reduced 
model is a good predictor and that reduction increased the mod l’s ability to explain 
variability in new data.  Diagnostic plots of the reduced model with a logarithmic 
transform of the density values showed an as expected normal probability plot of 
residuals as well as structureless residual plots, as shown in Figure 42.   
 












Normal Plot of Residuals























































































Figure 42. Residual plots of power density model after logarithmic transform. (a) Normal probability 
plot of residuals (b) residuals versus predicted (c) residuals versus run number and (d) residuals 
versus block. 
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Though two data points appeared separate from the other responses in the leverage plots, 




























































Figure 43. Plots showing the influence of individual responses on the power density model. (a) 
Externally studentized residuals (b) Cook’s Distance and (c) leverage plot. 
  
As seen in the regression Equation 18 for the reduced model, all main effects 
were significant as well as the voltage-time interaction and the voltage quadratic term.  
Insignificant factors were the substrate firing temperature interaction effects and the 
quadratic factors for the substrate firing temperature and deposition time.  Overall the 
power density increases as the substrate firing temperatur  is decreased.  A decrease in 
 94
the firing temperature leads to increased porosity and therefor  increased mobility of the 
conducting species within the substrate, which results in a more uniform and densely 
packed deposit.   This correlates well with our proposed deposition mechanism on porous 
non-conducting substrates, which states that adequate porosity will allow deposition to 
occur even in the absence of substrate conductivity.216 The highest and lowest power 
densities were observed at the lowest and highest levels of substrate firing temperature, 
respectively, which explains why it has the largest t-value of all significant effects.  
Further decreases in substrate firing temperatures could potentially increase power 
density, however experimentally these samples weren’t mechanically able to withstand 
the spring forces in the EPD apparatus and also lacked the microstructural phase 
connectivity necessary for percolation in the anode. 216 
Deposition voltage has a non-linear effect on power density, with a strong 
voltage-time interaction.  Although the single highest power density observed during the 
experiments was at the lowest voltage, model predictions shown in Figure 41(a) indicate 
the lowest voltage level may not be optimal.  Voltage only relates to the deposit through 
its influence on the electric field.  Since the electrode spacing remained constant 
throughout all experiments, the effect of the electric field is proportional to the applied 
voltage.  The voltage and further the electric field present in the suspension effectively 
influence the mobility of the particles and how fast they deposit.  Higher deposition 
voltages lead to higher mobility’s, but don’t necessarily llow the particles time to pack 
together.133,137,145,149,177 Typically, lower voltages lead to increased deposit density due to 
increased particle packing.172, 176-182,216 Deposition time itself will lead to a sufficiently 
thick layer of material, however the density of that layer is linked to the deposition rate of 
the particles and therefore the electric field and the deposition voltage. 177,181 Insufficient 
deposition time will result in non-uniformity, pinholes and small pores in the deposit, 
which will lead to lower power density.172,176,178-182 This explains why the deposition 
voltage - deposition time interaction was significant in the power density model. 
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4.3.5 Model for Area-Specific Resistance 
A quadratic regression model was developed for area-specific interfacial 
resistance (ASR) between the electrolyte and the two electrodes.  After model reduction, 
the significant effects were firing temperature, voltage, th  firing temperature-voltage 
interaction and a quadratic voltage term, as shown in Table 18.   
 
Table 18. Analysis of Variance (ANOVA) of reduced area-specific resistance quadratic model. 
 Sum of Degrees Mean F p-value 
Source Squares of Freedom Square Value Prob > F 
Block 14.816 1 14.816   
Model 147.715 4 36.929 120.667 < 0.0001 
  Firing Temperature 119.550 1 119.550 390.636 < 0.0001 
  Voltage 1.863 1 1.863 6.089 0.0223 
  Firing Temperature*Voltage 1.302 1 1.302 4.256 0.0517 
  Voltage2 24.999 1 24.999 81.687 < 0.0001 
Residual 6.427 21 0.306   
Lack of Fit 4.201 10 0.420 2.076 0.1233 
Pure Error 2.226 11 0.202     
Cor Total 168.958 26       
  
 
The regression equation is given and regression coefficients with their corresponding t-










Table 19. Area-specific resistance model regression coefficients and their corresponding t-values. 
Variable Coefficient t-value 
Intercept 0.474  
  Firing Temperature 2.653 19.765 
  Voltage 0.331 2.468 
  Firing Temperature*Voltage 0.285 2.063 
  Voltage2 2.943 9.038 
Values of |t|>2.0 indicate at least 90% significance  
Regression model R2=0.958, Adj R2=0.950  





Figure 44(a-c) shows the ASR surface response and interaction plots.    
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Figure 44. (a) Surface response plot for area-specific resistance model along with the (b) single factor 
Firing Temperature and (c) Deposition Voltage-Deposition Time interaction plots. Note that for 
single factor and interaction plots ▲ represents the high factor level and ■ represents the low factor 
level. 
 
No single factor plots are shown because all factors are also present in interactions.  
Although the R2 values are high and the model contains a quadratic term, there is no 
evidence of “overfitting,” as the model error (Sy.x = 0.553) is higher than the 
experimental error (Stest=0.449).  Though there are no apparent trends in the diagnostic 
plots, as shown in Figure 45, the Box-Cox plot did recommend a square root transform, 














Normal Plot of Residuals

























































































Figure 45. Residual plots of area-specific resistance model after logarithmic transform. (a) Normal 
probability plot of residuals (b) residuals versus predicted (c) residuals versus run number and (d) 
residuals versus block. 
 
Experimental run #27 was found to be close to the outlier thr shold according to the 
externally studentized residual plot, however its Cook’s Distance and leverage were 


























































Figure 46. Plots showing the influence of individual responses on the area-specific resistance model. 
(a) Externally studentized residuals (b) Cook’s Distance and (c) leverage plot. 
 
This point was not deleted when establishing the model.  Model reduction resulted in 
only a small decrease in the amount of total variability explained by the model.  In fact, 
the reduced model is able to explain a greater amount of variability (adjusted-R2 
remained constant at 0.95) and is a better predictor of experimental data (predicted-R2 
increased from 0.897 to 0.935) than the unreduced model.   
 Substrate firing temperature increases the area specific interfacial resistance 
between the electrolyte and the electrodes, as seen in the regression Equation 19 and 
Figure 44(a).  The major contributor to increasing area-specific resistance with firing 
temperature is loss in substrate porosity.  Porosity is bel eved to be fundamental to the 
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deposition process on non-conducting substrates, since densno -conducting substrates 
do not exhibit any deposit.  Therefore any decrease in porosity should hinder the 
deposition process and lead to increased area-specific resistance. Another possible 
contributor to ASR increase is the reduced curvature of the particle surface due to the 
higher firing temperature.  It’s conceivable that reducing the particle curvature could 
affect the deposition process if there is in fact a charge transfer step.  A fundamental 
study to separate the contributions of porosity and degree of particle coarsening was not 
performed, however it’ll be a necessary part of any future study to determine the 
deposition mechanism.   
Voltage has the largest overall effect on ASR.  The non-linear relationship shown 
in Figure 44(a) indicates the highest ASR values occur at the highest voltage levels.  
Deposit porosity and uniformity is directly linked to applied voltage and area-specific 
resistance is highly dependent on surface area contact/coverage.  Increasing the voltage 
should lead to a more porous deposit layer and higher ASR due to less contact area.  The 
regression equation also includes a relatively weak firing temperature-voltage interaction.  
Therefore, to minimize ASR, the firing temperature should be low to ensure sufficient 
porosity and the voltage should also be relatively small in order to obtain a dense deposit 
of high contact area. 
4.3.6 Model Validation 
After all the experiments and appropriate response models were completed, a final 
validation and optimization experiment was performed.  The numerical optimization 
feature of Design Expert v.7 (Stat-Ease, Inc.) allowed th  preparation of an experiment 
based on a set of input criteria.  The independent factors we e all set to be in the range of 
the experimental matrix and the responses were set at d sired levels: deposition thickness 
was set to be in the range of the experimental matrix, power density was set to be 
maximized and area-specific interfacial resistance was set to be minimized.  The solution 
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with the highest level of desirability for achieving the optimum conditions was predicted 
to be experimental run #28, as listed in Table 13.  Table 20 ists the predicted results 
based on the numerical solution and the actual experimental r sults for the validation 
experiment.   
 
Table 20. Predicted versus experimental values for the model validation experiment. 
  Predicted Values Experimental Values Error (%) 
Power Density (mW/cm2) 628 616 1.91 
Area-specific Resistance (ohm*cm2) 0.187 0.192 2.67 
Deposition Thickness (um) 25.7 25.9 0.78  
 
There is good correlation between the predicted and experimental results as seen with the 
low error, suggesting that the model can predict data accurately.  Figure 47 shows the 
current-voltage characteristics of the cell fabricated for the validation experiment. 
 




































Figure 47. Current-voltage characteristics for validation experiment. 
 
4.4 Fundamentals of Deposition 
Suspensions for EPD were prepared at a fixed concentratio of 10g/L by adding 
1.75g of YSZ powder (0.3µm, Tosoh) into 175mL of acetylacetone solvent (>99%, 
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Aldrich Chemical Co.).  Each suspension was ultrasonicated for at least 20 minutes prior 
to the initial deposition, 5 minutes between depositions, a d was replenished after every 5 
depositions.  The zeta potential of each suspension was determined after ultrasonication, 
using a Delsa 440SX.  The suspension conductivity and dielectrc constant were also 
measured after ultrasonication using a Solartron 1296 dielectr c interface and Solartron 
1255 frequency response analyzer operating under SmaRT v2.20 software.   
All depositions were performed under constant stirring in a 250mL beaker and the 
entire EPD setup was described elsewhere.216 The EPD cell the same as used previously, 
as shown in Figure 28.  The counter electrode was a 2cm diameter Pt disk and the 
working electrode was a 1.3cm carbon disk backed by a 0.5mm Pt wire, which was coiled 
up to act as a spring against the deposition substrate.  A high voltage DC power supply 
unit (Model PS 310, Stanford Research Systems, USA) was used to provide a constant 
voltage of 25V to 300V for the EPD experiments.   
 The non-conductive deposition substrates were all prepared by tape casting, as 
reported elsewhere.216,219 Commercial NiO powder (<10µm, Alfa Aesar) was milled, with 
6mm YSZ media, in ethanol for 96 hours to reduce the particle size.  The powder was 
then dried and mixed with YSZ powder (D50=0.26µm, Daiichi Kogenso Corp.) in a 65:35 
(NiO:YSZ) ratio.  The powder was added to a 1:1 solvent mix ure of ethanol and xylenes 
containing 3-wt% Menhaden fish oil dispersant (Richard E. Mistler, Inc.).  After 12 hours 
of ball-milling, polyalkylene glycol and butyl benzyl phthalate (plasticizers) and 
polyvinyl butyral (binder) were added in amounts of 3, 1.54 and 3 wt%, respectively.  
The slurry was milled for another 24 hours, degassed and the cast at a rate of 8.5cm/min 






Table 21. Slurry formulation for NiO-YSZ tape. 
Component Purpose Weight (%) Weight (g) Volume (%)Volume (cm
3)
YSZ powder 17.505 7.7 2.918
NiO powder 32.495 9.6 3.651
Ethanol solvent 12 9.23 30.23 11.5
Xylenes solvent 12 9.23 30.23 11.5
Menhanden Fish Oil dispersant 3 2.307 6.06 2.307
Polyalkylene Glycol plasticizer (type I) 3 2.307 6.06 2.307
Butyl Benzyl Phthalate plasticizer (type II) 2 1.54 4.04 1.54




Pore formers (SnO2, carbon black or starch) were added to subsequent NiO-YSZ tapes in 
amounts ranging from 5-25 wt % in order to systematically increase porosity.  All tapes 
were then punched into 13mm disks, pressed into pellets from 100µm-1mm and sintered 
in air at temperatures ranging from 1000°C-1400°C for 2hrs.  The density, open and 
impervious porosity of each sample, as determined using the Archimedes method, are 
listed in Table 22.227  
 
Table 22. Archimedes measurements on all substrates used for EPD. 
Pt Electrodea N/A 500 21.4 0 0
Carbon Clotha N/A 200 0.48 80 80
NiO-YSZ 1100 100 3.05 52.55 32.14
NiO-YSZ 1100 200 3.05 52.55 32.14
NiO-YSZ 1000 300 2.38 63.11 31.74
NiO-YSZ 1100 300 3.05 52.55 32.14
NiO-YSZ 1200 300 3.63 43.57 30.5
NiO-YSZ 1300 300 3.43 32.6 25.1
NiO-YSZ 1400 300 4.99 22.47 18.87
NiO-YSZ 1100 500 3.05 52.55 32.14
NiO-YSZ 1100 700 3.05 52.55 32.14
NiO-YSZ 1100 1000 3.05 52.55 32.14
NiO-YSZ+10wt% Carbon 1100 100 2.33 63.77 59.95
NiO-YSZ+10wt% Carbon 1100 300 2.33 63.77 59.95
NiO-YSZ+15wt% Carbon 1100 300 2.31 66.38 64.11
NiO-YSZ+15wt% Carbon 1200 300 2.31 49.66 47.97
Ni-YSZ 1100 300 2.55 62.8 38.41
Ni-YSZ+10wt% Carbon 1100 300 1.95 76.21 71.64
NiO-YSZ+5wt% SnO2 1100 300 2.98 53.71 24.96
NiO-YSZ+10wt% SnO2 1100 300 1.64 74.54 27.42
NiO-YSZ+15wt% SnO2 1100 300 1.45 77.46 30.04
NiO-YSZ+20wt% SnO2 1100 300 1.88 70.78 48.21
NiO-YSZ+25wt% SnO2 1100 300 1.58 75.45 57.67
















 Various experiments were conducted to determine the effects of each parameter 
on the area-specific deposit mass deposit thickness and deposit density including 
substrate porosity, substrate thickness, applied voltage, deposition time, electrode spacing 
and charge passed.  The current transient across the cell was measured throughout all 
experiments and during certain experiments, reference eletrod s were placed within the 
suspension in order to measure voltage drop across a particular part of the deposition cell.   
 We attempted to make direct correlations between the weight deposited on the 
non-conducting substrates and the applied voltage (or the appli d electric field), total 
charge passed, deposition time, substrate porosity (porosity was partitioned into open and 
impervious pores), and substrate firing temperature.  The resultant findings were 
compared to those from similar experiments on conducting substrates performed under 
similar conditions.  The trends in these results allow f r inferences to be made about the 
similarities and differences in deposition on conducting ad non-conducting substrates.  
The most obvious and perhaps most significant difference between deposition on 
conducting and non-conducting substrates appears to be the voltage drop across the 
deposition cell, as schematically shown in Figure 48.  
 
 
Figure 48. Schematic of the evolution of the voltage drop across an EPD cell when a (a) conductive 
substrate is used and (b) when a non-conductive substra e is used.  This schematic represents the case 
of a positively charge particle, depositing at the working electrode under constant voltage conditions.  
Schematic is not to scale and does not show evolution f the voltage drop with time. 
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Van der Biest,146 Negishi,152 and Anné150 all either measured or calculated the amount of 
voltage drop across components of the deposition cell and correlated these drops to the 
decreased rate of deposition with time for constant voltage EPD.  Van der Biest146 and 
Negishi152 each gave a schematic of the voltage drop between the EPD electrodes, which 
indicated a constant voltage at the surface of the deposition ubstrate.  Though this is 
likely the case when a conductive substrate is used, the potential distribution in a cell 
with a non-conductive substrate appears to be different.  Adding an insulating layer such 
as a non-conductive deposition substrate over the surface o  th  working electrode 
significantly decreases the surface voltage of that substrate and also decreases the 
intensity of the electrical field lines as compared to the case when a conductive substrate 
is used.  Figure 48 schematically shows the potential variation across an EPD cell when 
conductive and non-conductive substrates are used. 
Since the velocity of the particles is proportional to the electric field (or voltage 
gradient) across the suspension, the effective electric field decreases as charged particles 
deposit, which in turn causes a decrease in the velocity f the particles and hence a 
decrease in the deposit rate.  In order for the electrical field through the suspension to be 
near that of the initial applied field, there has to be negligible polarization losses across 
the electrodes and that the specific resistance of the deposit should be close to that of the 
suspension.  For conducting substrates, Van der Biest described the voltage drop across 
an EPD cell with two equal surface area electrodes as follows: 146 
Equation 20        CEsuspensiondepositWEaV φφφφ ∆+∆+∆+∆=  
where aV  is the applied voltage and each φ∆  represent the voltage drop across the 
corresponding constituent (as subscripted) of the cell due to ohmic losses. Essentially, 
two new terms must be introduced into this equation in order to adequately describe the 
voltage drop across an EPD cell when a non-conductive substrate is used.   
Equation 21     CEsuspensiondepositsubstreatesubstrateWEWEaV ηφφφηη +∆+∆+∆++= −  
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where WEη  is the activation polarization at the working electrode, substrateWE−η  is the 
polarization resistance between the working electrode an  the non-conductive substrate, 
and CEη  represents potential polarization at the counter electrode due to depletion of the 
suspension.  Therefore facile deposition occurs when the voltage drop across the 
suspension dominates. Negishi and Van der Biest both showed that though the voltage 
drop across the suspension decreases as a function of time, the suspension resistance 
remains virtually constant. We performed similar experim nts to determine the evolution 
of the voltage drop across different constituents of our EPD cell, and the results are 
shown in Figure 49(a-b).   
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Figure 49. (a) Evolution of the voltage drop across different constituents of the EPD cell.  Note that 
the applied voltage was 50V, the electrode spacing was 1cm, and the substrate thickness was 300µm.  
(b) The voltage drop due to ohmic losses within the substrate and interfacial polarization at the 
working electrode as a function of substrate thickness. 
 
When a conductive substrate is used, the polarization resistance between the working 
electrode and the depositing substrate is minimal and the ohmic drop across the substrate 
is negligible resulting in the majority of the potential drop occurring between the 
electrodes within the suspension.  When a non-conductive substrate is used, however, the 
opposite is true as the majority of the voltage drop occurs at the working 
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electrode/substrate interface and across the non-conducting substrate.  The trends we 
observed for the voltage drop across the deposition electrode and the suspension are 
similar to those of Van der Biest.146 However, the trends we observed at the counter 
electrode are opposite to his.  Van der Biest claimed that the increased voltage drop at the 
counter electrode, as a function of time, was the result of concentration polarization, 
which is reasonable.  The voltage drop at the counter electrode decreased with time in our 
experiment, indicating that concentration polarization was insignificant.  Since at time 
zero our system acts as two dielectrics sandwiched between two parallel-plate electrodes, 
the high ohmic drop and interfacial resistance at the working electrode limits the particle 
velocity and thus a substantial particle concentration gradient can’t be established.  Based 
on the voltage drop analysis, deposit formation can be limited by either the ohmic drop 
across the substrate or the polarization resistance between the substrate and the working 
electrode.  The ohmic drop across the substrate is expect d to be limiting, which would 
result in a steadily decreased amount of deposit with increased substrate thickness.  Since 
the samples are held against a spring-loaded working electrod , thin samples may not 
contact the working electrode firmly, resulting in a case where interfacial resistance 
dominates.  When interfacial resistance dominates, it’s difficult to obtain reproducible 
results as the polarization resistance changes for each substrate.  Therefore it’s imperative 
to control the quality of this contact/interface in order to attain reliable deposition rates 
and deposit quality.  It’s also important to note that when interfacial resistance dominates, 
the quality (density, uniformity, roughness…etc) of the deposit was inferior to deposits 
formed in the absence of the interfacial resistance.   
Initial experiments focused on determining the effects of electrode spacing, 
applied voltage, and charge passed on the mass deposited and resultant thickness.  As was 
reported earlier,216,219 the deposit weight increases linearly with the applied voltage at 
time scales less than 1 minute.  At times longer than 1 minute, the deposition rate began 
to decrease. Figure 50 shows the simultaneous effect of electrode spacing and substrate 
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thickness on mass deposited after 3 minutes deposition time using a constant applied field 
of 50V/cm.  
 



























Figure 50. The effect of electrode spacing on weight deposited for different substrate thicknesses.  All 
depositions were performed at a constant applied field of 50V/cm. 
 
The general trend for weight deposited as a function of substrate thickness is similar for 
each electrode spacing.  When the electrode spacing is held constant, the amount of 
deposit decreases with increased substrate thickness.  This is intuitive as the only change 
in the system is an increase in the ohmic drop across the ubstrate, which should lead to a 
decreased current and reduced deposit weight.  All the substrates greater than 200µm 
could be loaded identically and therefore followed a similar trend.  The 100µm substrate 
thickness doesn’t follow this trend, however, as the weight deposited actually increases as 
the substrate thickness goes from 100 to 200µm.  The reason is because the mechanical 
integrity of the 100µm substrates was so low that solid contact between the substrate and 
the spring backed WE broke the substrate.  Therefore the spring couldn’t be loaded as 
firmly against the substrate, resulting in increased polarization resistance and reduced 
deposit weight.  When the substrate thickness was held constant, the amount of deposit 
increased with electrode spacing for a constant applied field of 50V/cm.  As electrode 
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spacing increases, the overall applied voltage increases, however the overall cell 
resistance does not scale with the voltage.  This is because some components of the cell, 
such as the ohmic drop across the non-conductive substrate, remain independent of the 
applied voltage.  Therefore if the applied voltage doubles, th  cell resistance will be less 
than double, resulting in a greater current across the cell and thus more weight deposited.  
Figure 51 shows the effect of electrode spacing on weight deposit d for a constant 300µm 
substrate thickness and a variable applied field from 50-300V/cm.   
 
 






























Figure 51. The effect of electrode spacing on deposit weight for different applied fields.  Note that all 
substrates were 300µm thick. 
 
As would be expected, for a given applied voltage, the overall deposit weight remained 
either linear or slightly decreased as a function of electrode spacing.  Based on the 
results, a 1cm working distance results in a usable deposit at all applied voltages, whereas 
increased working distances result in some deposits that cracked during drying.  In 
general, the threshold electrode spacing where a deposit begins to crack can be shifted by 
changing the thickness of the substrate.  All else equal, a deposit is more likely to crack 
during drying on a thicker substrate than on a thinner substrate, which indicates a higher 
deposit porosity and weaker adherence on thick substrates.  Additives such as polyvinyl 
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butyral (PVB)177 and polyethelimine (PEI)145,177,222 have been shown to improve deposit 
adherence and reduce cracking during shrinkage, but we chose not to use them in order to 
study solely the fundamental aspects of particle deposition on non-conducting substrates.   
Figure 52 shows the amount of YSZ deposited on porous NiO-YSZ substrates, 
sintered at temperatures from 1100-1300oC, as a function of deposition time.  
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Figure 52. Deposition characteristics of YSZ on porous NiO-YSZ as a function of deposition time for 
a constant applied voltage of 300V (solid lines) and 50V (dashed lines) and 1cm electrode spacing. 
 
It invariably shows rapid deposition rates in the initial period followed by a decrease with 
increase in time of deposition. During the initial period of EPD, there is generally a linear 
relationship between deposition mass and time. In a constant voltage EPD, these trends 
are expected because while the potential difference between the electrodes is maintained 
constant, the electric field influencing electrophoresis decreases with deposition time 
because of the formation of an insulating layer of ceramic particles on the surface of the 
deposition electrode. It also shows that for a given applied voltage, the density of the 
deposited layer on substrates of higher porosity (sintered at lower temperatures) is higher 
than on those of lower porosity (sintered at higher temperatures). In other words, the 
deposition density increases with substrate porosity. Also, the amount deposited is always 
 110 
proportional to the applied voltage at a given deposition time. This is evident from Figure 
53, which presents the weight of YSZ deposited with increasing applied voltages for a 
deposition time of 1min.  
 

























Figure 53. Amount of YSZ deposited after 1min as a function of applied potential on NiO-YSZ 
substrates sintered at different temperatures. 
 
For each of the three substrates, there is a linear crease in YSZ deposition with 
increasing potential. The nature of the curves obtained for other deposition times were 
also similar in the range of applied potentials studied in this investigation. 
When a dense substrate (pre-fired at 1400oC) was used instead of the porous 
substrates, no electrophoretic deposition occurred at any applied voltage and/or time of 
deposition. Similar observations were also reported by Matsuda.181 This result clearly 
suggests that the substrate porosity is a key factor in electrophoretic deposition of YSZ 
films on a non-conductive substrate. In fact, we did show that for a given applied 
potential, EPD occurs only when the substrate porosity exceeded a certain threshold 
value.228 The threshold porosity decreases with the amplitude of the applied voltage. The 
deposit weight increases with increasing substrate porosity. The rate of particle 
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deposition increases more rapidly in the region of lower porosity and tends to plateau 
above a certain porosity value.   
The overall relation between substrate thickness, the amount of weight deposited 
and the applied voltage is shown in Figure 54.   
 






























Figure 54. Relation between the substrate thickness, amount of weight deposited and applied voltage.  
Note that all depositions were performed for 3 minutes at an electrode spacing of 1cm using a 10g/L 
suspension concentration. 
 
During the experiments, when substrates of different thickness were used, the current 
transient was also monitored.  Figure 55(a-b) shows the curr nt transients as a function of 
applied voltage and substrate thickness. For comparison, the current in the absence of any 

























































Figure 55. The current transients for deposition as a function of (a) applied voltage on a 300µm 
substrate and (b) substrate thickness at constant applied voltage of 50V. 
Based on the current transients, the deposit weight can be plotted against the amount of 
charge passed.  Previous reports have shown that this should result in a linear trend as the 
charge passed is in direct correlation with the deposition rate.  Figure 56 shows the 
deposit weight and thickness as a function of charge passed for a 300µm non-conductive 
substrate.   
 














































Figure 56. Relation between deposit weight (○) and thickness (●) as a function of the charge passed 
for a 300µm non-conductive substrate.  The trend line was added to show the linearity between 
deposit weight and charge passed. 
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While the deposit weight holds a linear relation with charge passed, the deposit thickness 
appears to separate into two linear regions.  The change in slope occurs after about 3 
minutes of deposition time and reveals that the deposit becomes more porous.  Therefore 
any deposition longer than about 3 minutes in time will have a denser layer near the 
substrate and a more porous layer farther away.  The change in the slope of the thickness 
curve occurs at about 3 minutes, which coincides with the saturation point of the voltage 
curve in Figure 49(a).  At the time when the voltage drop across the substrate reaches 
steady state, the voltage drop across the suspension also levels off, indicating a decreased 
driving force for deposition.  This in turn causes a reduce deposit adherence and a more 
porous layer to form.  Paramount to deposition on non-conductive substrates is the 
presence of porosity within the substrate.  We believe that open porosity within the 
substrate allows for conduction of the solvent to the working electrode and facilitates 
particle deposition as was discussed previously.216,219 A recent review of EPD shows the 
effect of a substrate’s total porosity on the amount of mass deposited.229 The total 
porosity is a good indicator of how much mass will deposit, however partitioning the 
porosity into open and impervious pores would be more quantitative.  Figure 57 shows 
the deposit weight versus open porosity for NiO-YSZ substrates sintered at 1100ºC.  For 
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Figure 57. Relation between the amount of open porosity in the substrate and the mass deposited (■).  
All depositions performed for 3 minutes on 300µm NiO-YSZ substrates.  Besra’s data (●, ▲) for 
amount of mass deposited versus total porosity is shown for comparison. 
 
Electrophoretic deposition of particles on non-conducting substrates depends strongly on 
the amount of open porosity within the substrate.  When deposition occurs, the actual 
mechanism is believed to be similar to that on a conducting substrate, except that the 
driving force (potential drop across the suspension) is much less.   
4.5 Mechanism of Deposition 
Electrophoretic deposition on conducting substrates has been applied successfully 
for many applications. Although the exact mechanisms that allow a deposit to be formed 
are still not entirely clear,146 several mechanisms have been suggested. Fukada et al.230 
gives a comprehensive account of the mechanism of deposit formation by EPD. Bouyer 
and Foissy149 suggest that EPD is a two-step process. Under the application of an electric 
field, the particles in the suspension first migrate to one of the electrodes, depending on 
the particle charge, where they eventually deposit. The migration step depends on the 
bulk properties of the colloidal dispersion (bath conductivity, iscosity, particle 
concentration, size distribution, and surface charge density) and the actual field strength 
in the bath. Sarkar and Nicholson164 inserted a dialysis membrane between the EPD 
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electrodes in an Al2O3 suspension. The membrane is permeable to ions but a dense
deposit formed thereon and current passed via ionic discharge at the cathode. They 
concluded that the majority of charge is carried by ionsand current passage results there 
from. The deposition step proceeds by a complex superposition of electrochemical and 
aggregation phenomena.  Some of the suggested mechanisms are: (i) flocculation by 
particle accumulation,133 (ii) particle charge neutralization mechanism,143 (iii) 
electrochemical particle coagulation mechanism,139 and (iv) the electrical double layer 
distortion and thinning mechanism.145 Until recently, the electrical double layer distortion 
and thinning mechanism is most widely accepted for electrophoretic deposition on 
conducting substrates. According to this mechanism offered by Sarkar and Nicholson, 145 
when the particle lyosphere system (the counter ions fr m liquid around the charged 
particle forms what is called diffuse double layer or lyosphere) moves, fluid dynamics 
and applied electric field will distort the double layer envelope in a way such that it 
becomes thinner at the front and wider behind the particle. The cations in the liquid also 
move to the cathode along with the positively charged particle. The counter ions in the 
extended ‘tail’ will tend to react with these accompanying cations in high concentration 
around them. As a result of such reaction, the double layer around the ‘tail’ of the particle 
will also become thin so that the next incoming particle (which has a thin leading double 
layer) can approach close enough for London Van der Waals (LVDW) attractive force to 
dominate and induce coagulation/deposition. The distortion of the double layer leading to 
coagulation is plausible considering the high concentration of particles near the electrode 
(or high collision efficiency). Secondly, this mechanism works for incoming particles 
with thin double layer heads, coagulating with particles aready in the deposit.  
When it comes to electrophoretic deposition on non-conducting substrates, 
however as in the present case, the mechanisms suggested for conducting substrates does 
not appear to hold true. The principal concern is how a non-conducting substrate ensures 
the existence of a uniformly distributed electric field in front of it. The presence of an 
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electrically non-conducting substrate will normally tend to block the conducting path 
from the electrical contact to the particles in suspenion. Since electrophoretic deposition 
is based on mobility of the particles upon application of an electric field, deposition 
would not occur on a non-conducting substrate. In the present case, however deposition 
of YSZ on a porous non-conducting NiO-YSZ substrate is indeed possible.  We believe 
that some sort of electrical contact is being developed between the substrate and the 
particles in the solvent. Two possibilities can be presumed: (i) when a DC voltage is 
applied, the current moves along the surface of the wetted substrate rather than through it, 
and (ii) the porous substrates, when saturated with the solv nt, allows for development of 
a “conductive path” between the electrical contact and the particles in suspension. This is 







Figure 58.  Proposed deposition mechanism of particles on porous non-conducting substrates.  Note 
that as the particle approaches the substrate, under force of an applied field, the lyosphere is 
distorted with a thin leading edge.  As the particle encounters the substrate, the lyosphere penetrates 
the porous substrate until finally the counter-ions in the lyosphere complete the charge transfer at 
the cathode, while the particle is deposited on the surface of the substrate. 
 
If the former possibility were valid, then deposition would have occurred on any type 
(dense or porous) of substrate. But, since no deposition occurred on dense substrates at 
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any of the studied applied voltage, the former possibility ma not be valid. The second 
possibility of establishment of a conducting path through the porous substrate is a more 
likely mechanism of deposition. Similar mechanism may also be valid for the previous 
work by Matsuda et al.,181 since they also reported no deposition on dense substrates, but 
did not elaborate on the involved mechanism. It must be not d that the conductive path 
mechanism depicted in Figure 58 is an oversimplified illustration showing the manner of 
particle deposition and lyosphere motion during electrophoretic d position. In reality, the 
incoming YSZ particles deposit not only on the surface of porous NiO-YSZ substrate, but 
they also penetrate the pores leading to continuous closure f the pores with increasing 
deposition time. Under such scenario, the electrical resistance of the substrate and YSZ 
film combined together will tend to increase rapidly leading to a decrease in the rate of 
deposition. However, it can be expected that deposition, h wever small, still occurs as 
long as a conductive path of solvent exist through the combined layer of substrate and 
deposit.  
However, we also foresee that this mechanism of a “conductive path” through a 
porous substrate by saturation with solvent will be applicab e only when the substrate has 
interconnected porosity. Presence of only closed pores in the substrate will tend to block 
the “conductive path” preventing any electrophoretic deposition. Although Matsuda et 
al.181 also reported deposition of YSZ on NiO-YSZ substrate by EPD, it can be viewed as 
deposition on a conductive graphite substrate with increased electrical resistance due to 
NiO-YSZ layer. For this reason a relatively high deposition voltage of 400-900V was 
necessary for EPD. Our method is unique in that we did not coat any graphite or other 
conducting layer on the substrate, but rather only a spring connected to the DC power 
supply made contact with substrate. Secondly, our method required relatively low applied 
voltage of 50V to obtain dense YSZ films of 5µm thickness. Unlike multiple deposition 
and sintering steps adopted by other investigators,172,182 our approach enabled obtaining 
dense and gas-tight films in a single deposition and sintering step.  The difference in 
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requirement of applied voltage in this work and that reported by Matsuda et al.44 may 
result from a number of other differences in the experim ntal conditions adopted. For 
example, the thickness of NiO-YSZ substrate used by Matsud  et al.181 was 700µm, 
whereas we used substrates of 300µm thickness. The higher thickness of substrate is 
expected to offer higher electrical resistance. In a similar analogy, such increase in 
resistance can also be expected with increasing thickness of the YSZ deposit with time, 
for which a decrease in deposition rates will happen at loner deposition time. This is 
clearly evident from our result presented in Figure 52. Another possible parameter 
contributing to voltage requirement during EPD may be the solvent conductivity. A more 
conductive solvent is expected to require less voltage to transport the YSZ particles, 
although in the present case, where we are using organic solvent like acetylacetone, it is 
believed that such influences will be secondary compared to the effect from substrate 
thickness and zeta potential development in the solvent. 
The proposed mechanism216,218 of solvent (or counter-ions) moving through the 
porous non-conducting substrate, under the influence of an applied electric field, is able 
to transport charge from the particles to the working electrode to complete the current 
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Figure 59. Conceptual representation of EPD mechanism on non-conducting substrates where the 
solvent can traverse the open porosity of the substrate o complete the charge transfer reaction. 
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Thus, charge transfer must occur between the particle/solv nt lyosphere and the liquid 
electrode interface.  Otherwise the deposition of charged particles will quickly stop when 
the applied electric field is cancelled by the electric field setup by the charged particles 
accumulated at the non-conducting substrate.  In order for the charge to transfer from the 
particle to the electrode, it must leave the particle at the deposition surface and travel 
through the solvent within the porous substrate.  This mechanism accounts for our 
observation that deposition does not occur in absence of sufficient porosity.  It would also 
account for the observations of Sarkar and Nicholson145 when they observed deposition 
on the dialysis membrane, Brown and Salt140 when they observed deposition on a porous 
membrane placed before the electrode and Zhang and Lee,185 when they observed the 
current being much lower when a polymer sheet was placed perpendicular to the electric 
field than when it was parallel. We also placed a non-conducting substrate between the 
working and depositing electrodes and noticed the formation of a thin dense deposit 
despite the lack of an electrical contact between the substrate and the applied field.  The 
amount of deposit was related to the applied voltage, deposition time and substrate 
porosity, as shown in Figure 60.   
 
 
Figure 60. SEM cross-sectional image of deposition on a 300µm non-conductive substrates placed 
perpendicular to the applied field, but not physically connected to the circuit.  The substrate had 
64.2% open porosity and deposition was performed for 3 minutes in a 50V/cm applied field. 
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For further proof that a conductive substrate is not necessary, we deposited YSZ on NiO-
YSZ substrates pre-fired at 1000ºC and 1100ºC using applied voltages from 25-150V and 
a 3min deposition time.  The next series of figures corrobo ate the observations of Sarkar 
and Nicholson,184 who saw a dense deposit form on a solvent permeable layer.  The 















































Figure 61. Schematic of deposition setup with substrates placed in between, but not touching the 
electrodes. 
 
For the first experiment 50V was applied for 1 min between two Pt electrodes of 2cm 
spacing (E=25V/cm) with a carbon disk (the same porous carbon disks used for PEM gas 
diffusion membranes) placed between, but not touching either electrode.  The current 
measured on the constant voltage source dropped from 0.74 to 0.69mA during the 1min 
deposition period indicating that not only was charge being transferred, but particles were 
being deposited as well.  SEM images of the deposit after sintering at 1400ºC in air for 
2hrs are shown in Figure 62. 
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  (a)  (b)  
Figure 62. YSZ deposit on porous carbon substrate (a) surface and (b) cross-section.  The applied 
voltage was 50V for 1min at an electrode spacing of 2cm, with e substrate placed in between. 
 
A porous carbon substrate was used first because it is a conductive substrate and 
therefore should allow for some charge transfer and deposition.  As can be seen in Figure 
62(b), particles deposited occurred on both sides of the porous carbon substrate.  The 
reason that deposit formed on both sides is that the condu tive substrate allows for charge 
conduction across it, thus attracting particles to both sides.  Particles shouldn’t deposit on 
both sides of a non-conductive substrate due to the highly insulating behavior.  To test 
this theory, 50V were then applied for 1min across a NiO-YSZ substrate pre-fired at 
1000ºC placed between, but not touching, the two Pt electrodes of 2cm spacing 
(E=25V/cm). The current dropped from 0.32 to 0.29mA during deposition.  Shown in 




(a)  (b)    
Figure 63. SEM (a) surface and (b) cross-sectional images of YSZ deposit on NiO-YSZ substrate pre-
fired at 1000ºC.  Deposition occurred at 50V for 1min. 
 
Deposition only occurred on one side of the substrate, as was predicted, indicating that 
charge wasn’t transferred through the substrate, only the pores.  Nonetheless, particles 
were deposited on a non-conductive substrate placed between, but not touching the two 
EPD electrodes. Another interesting note was that a residual voltage remained on the 
non-conducting substrate after the voltage was removed from the system as shown in 
Figure 64.   
 
























Time (sec)  
Figure 64. Discharge transient of residual voltage present at non-conductive substrate after removal 
of applied voltage. 
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This phenomenon was not observed when the conductive carbon substrate was used, 
indicating that polarization occurs on substrates placed in the electric field, but not 
touching either electrode.  Figure 65 shows the deposit whenthe NiO-YSZ substrate is 
pre-fired at 1100ºC instead of 1000ºC, as was shown in Figure 63.  The same deposition 
conditions of 50V for 1min were used between the two Pt electrodes of 2cm spacing 
(E=25V/cm).  During deposition the measured current dropped from 0.32 to 0.28mA.  
  
(a)  (b)  
Figure 65. SEM (a) surface and (b) cross-sectional images of YSZ deposit on NiO-YSZ substrate pre-
fired at 1100ºC.  Deposition occurred at 50V for 1min. 
 
Increasing the deposition voltage to 100V and holding the deposit time to 1 min on the 
same NiO-YSZ substrate pre-fired at 1100ºC resulted in the deposit shown in Figure 66.  




(a)  (b)  
Figure 66. SEM (a) surface and (b) cross-sectional images of YSZ deposit on NiO-YSZ substrate pre-
fired at 1100ºC.  Deposition occurred at 100V for 1min. 
 
In an attempt to improve deposition, a NiO-YSZ slurry similar to Table 21 was made, 
except that 15-wt% of carbon black was added to increase porosity.  100V was applied 
for 1min across the NiO-YSZ substrate, which was pre-fired at 1100ºC, and the resultant 
deposit is shown in Figure 67.  Current dropped from 0.82 to 0.73mA during deposition.  
The higher initial current shows the effect of increasing the amount of open porosity in 
the substrate. 
 
(a)  (b)  
Figure 67. SEM (a) surface and (b) cross-sectional images of YSZ deposit on NiO-YSZ substrate pre-
fired at 1100ºC.  The substrate had increased porosity due to he addition of 15wt% carbon.  
Deposition was performed at 100V for 1min. 
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In all cases, deposition occurred on a substrate not conne ted to the electrical 
circuit while current continued to flow.  Our explanation s that the charge is initially 
carried by the particle/solvent lyosphere, until the point where the movement of the 
particle is blocked (i.e. deposition), as shown in Figure 58.  As the particle stops 
migrating, the charge carried by the particle is then tra sferred to some charge carriers in 
the liquid, which will eventually give up the charge at the working electrode and 
complete the circuit.  As the charges leave the particle surface, the lyosphere becomes 
thin enough for coagulation to take place, as proposed by Sarkar and Nicholson.145 A 
conductive substrate allows for a more facile charge transfer, resulting in an efficient 
system and a greater amount of deposit as compared to that n a non-conducting 
substrate.  
Charge transfer may not be the sole deposition mechanism, but we speculate it’s 
dominant during the majority of the deposition time-scale.  It is plausible that as the 
deposition conditions and especially the time scale changes, the deposition mechanism 
also changes.  Other competing mechanisms, such as momentum or velocity induced 
deposition, van der Waals attraction due to lyosphere distortion (without charge transfer), 
pH induced flocculation and charge neutralization have all shown to be possible under 
certain conditions and time-scales.  For instance, at short time scales, particles in a dilute 
suspension could deposit from either velocity-induced methods or charge 
neutralization.133,143 As the time scale increases, charge neutralization is no longer valid 
and since the particle velocity decreases as a function of deposition time, the particle 
accumulation mechanism becomes less likely as well.   
Though the exact mechanism of EPD within this system is still unknown, a few 
generalities about the process have been determined.  When the voltage is first applied 
(time zero), the system acts as a two dielectrics placed between two parallel-plate 
electrodes.  After time zero, there is a transitional period where transport competes with 
dielectric displacement.  During this period before steady-state flux density is reached, 
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the current or transport is influenced by the open porosity within the substrate, making 
substrate porosity the critical factor controlling themass deposited.  Reasonably, the 
increased current observed when a substrate of identical thi kness (and material) but 
higher open porosity is used, could be the result of more solv nt being able to conduct 
through the substrate.  Therefore the effective conductivity through the substrate becomes 
higher due to a greater volume fraction of it being occupied by solvent.  A lower limit to 
the amount of porosity within the substrate appears to follow percolation theory, as 
useable deposits don’t appear to form on substrates with less than about 30% open 
porosity.  Once steady state is reached, which according to Figure 49(a) occurs near 130 
seconds, the flux density across each cell constituent is quivalent, the current and 
voltage become constant and the deposition occurs at a much lower and effectively 
constant rate.  Figure 56 also reveals that once this steady state point is reached, the 
deposit density is reduced, as less deposit mass equates to a higher deposit thickness. 
In order for a mechanism to hold true, it must work universally for all substrates.  
To test this theory, we fabricated porous YSZ substrates nd porous Fe50.1Ni44.5Cr5.4Ox 
substrates to determine whether similar deposition would ccur on these as well.  Porous 
YSZ substrates are used as scaffolds for cathode and anode f brication by infiltration 
methods and are typically fabricated by tape casting with pore forming agents.  
Electrolyte layers are usually cast simultaneously withthe porous scaffold, which saves 
time and sintering steps, but doesn’t allow for thin electrolyte formation.  As seen in 
Figure 68, thin electrolytes could be deposited on porous YSZ substrates, thus proving 
the mechanism. 
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(a)  (b)  
Figure 68. SEM (a) surface and (b) cross-sectional images of 40µm YSZ layer deposited on porous 
YSZ substrate at 175V for 3 min. 
  
Lower voltages, such as 50V, were sufficient to form thin deposits, however the deposits 
weren’t as dense and uniform as the ones formed at 175V, as shown in Figure 69.  
 
(a)  (b)  
Figure 69. SEM images of (a) surface and (b) cross-section f a 3µm YSZ layer deposited on a porous 
YSZ substrate at 50V for 1min. 
 
Deposition on porous YSZ substrates necessitates a higher voltage than does the NiO-
YSZ composite substrates for two reasons: YSZ is more insulating than the NiO-YSZ 
composite, and the average pore size in the YSZ substrate was slightly less than that in 
the NiO-YSZ substrate.  The combined effects of the insulating and dielectric properties 
of YSZ causes a lower effective applied voltage across the ystem, leading to a lower 
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force for deposition (gradient in voltage drop across suspension), and thus less deposit.  
The reduced gradient in the voltage drop also affects the uniformity and density of the 
deposit as the particles can’t orient and transport in a proper manner for formation of a 
consistent layer.  Deposits were also able to form on the porous Fe50.1Ni44.5Cr5.4Ox 
interconnect precursor (oxide form of the interconnect), as shown in Figure 70. 
 
(a)  (b)  
Figure 70. SEM images of (a) surface and (b) cross-section f 20µm YSZ deposit on Fe50Ni45Cr5Ox 
porous interconnect precursor at 200V for 3min. 
 
In this manner, the process of EPD on porous non-conductive substrates could be used to 
fabricate interconnect supported SOFCs. 
4.6 Optimization of Deposit 
 Once the fundamentals and mechanism of deposition were determined and we 
discovered that optimal deposition does not occur after 3min, we focused on improving 
the deposit such that we could achieve higher power density.  The keys to improving 
power density were to keep the deposit thickness at roughly the 5µm seen in Figure 
31(b), while improving the open circuit voltage to over 1V. Based on previous reports 
and our own validation of those reports, we decided to add 0.2g/L of iodine to the YSZ-
acetylacetone suspension in order to improve the zeta-potential to >40mV, as seen in 
Figure 26.  A zeta-potential above 40mV ensures a sticking factor, f, of unity, or rather 
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that all particles encountering the substrate are depositd onto it.  A sticking factor of 
unity improves the deposition density and therefore we should achieve a higher packing 
of particles at the same deposition thickness.  We determin d that the open circuit voltage 
was below 1V due to poor deposition at the edge of the substrate and leaks in the sealant.  
In order to increase the open circuit voltage to above 1V, we repeated the deposition 
process twice.  First the YSZ-acetylacetone suspension was ultrasonicated for 20min with 
the addition of 0.2g/L of I2, followed by deposition at 50V for 1min.  The substrate was 
then removed from the suspension and the suspension was ultrasonicated again for 5min.  
A second deposition at 50V for 1min was then performed, at which point the substrate 
was removed from the Teflon apparatus and dried overnight, followed by sintering in air 
to 1400ºC for 5 hrs at a ramp rate of 3ºC/min.  The cathode was then applied by brush 
painting, followed by sintering in air at 1200ºC for 2hrs at a ramp rate of 3ºC/min.  The 
cathode slurry wasn’t prepared from conventional powders however. New powder was 
prepared by the glycine-nitrate process where nitrate salt precursors of the desired molar 
ratio are added to distilled water, at a concentration of 0.05M, along with glycine at a 
molar ratio of 2NO3:1glycine. The solution is then set on a hot plate and heated until 
combustion to produce very fine powders in the size range of 30-200nm.  Those powders 
were then mixed in a 50:50 ratio with YSZ and added to binder and solvent to produce a 
higher performing cathode.  The performance of the optimized electrolyte deposit with 
the higher performing cathode is shown in Figure 71. 
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Figure 71. Performance of SOFC using optimized deposition parameters (0.2g/L I2 in suspension, 
300µm NiO-YSZ substrate, 50V applied for 1min - repeated twice). 
 
The impedance spectra as a function of temperature are shown in Figure 72. 
 





















Figure 72.  Impedance spectra of SOFC fabricated by EPD using optimized parameters. 
 
4.7 Modeling of Deposition 
The first model of EPD was developed by Hamaker based on his work in 
conjunction with Verway.133,134 The model was based on their assumption that the 
deposition mechanism was akin to particle settling and accumulation, however it proved 
to be applicable despite their error in mechanism.  After long deposit times, the deposit 
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weight or yield tends to deviate from the model for dilute suspensions because the 
concentration is no longer constant.  For more concentrated suspensions, many 
repetitions of deposition need to be performed before deviation from the model occurs.  
The model has been improved over the years to account fr changes in particle 
concentration, effective field, deposit and suspension resistance, constant voltage and 
constant current systems.145,176,231,232,233 
4.7.1 Empirical Model 
As was previously mentioned, Hamaker developed the first empirical model of 
EPD.133 His model was based on the applied field, E, electrophoretic mobility of the 
suspended particles, µ particle concentration, co, substrate or deposit area, A, deposit 
time, t, and another factor called the sticking factor, f. 
Equation 22    tcfEAY oµ=  
the deposit yield can be differentiated with respect to the deposition time  
Equation 23    ktokewdt
dw −=  
to determine the average rate of deposition, w(t). 
Equation 24    )1()( kto ewtw
−−=  
where the kinetic factor, k, represents 





The sticking factor, f, represents the percentage of particles that stick on the substrate 
after encountering it.  In general, when the zeta potential is greater than 40mV, the value 
of the sticking factor is considered to be unity. The electrophoretic mobility is a measured 
property, often approximated by the Smoluchowski equation. 
Equation 26    
η
ζεεµ o=  
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Where ε is the dielectric constant of the suspension, εo is the dielectric constant of a 
vacuum, ζ is the zeta-potential of the particle and η represents the suspension viscosity.  
Many modifications of Hamaker’s equation have been made to account for changes in 
particle concentration, effective electric field and the formation of a resistive deposit 
layer during deposition.145,176 Sarkar and Nicholson identified differences in the kinetics 
of deposition from constant voltage and constant current sources, as shown in Figure 73. 
 
 
Figure 73. Schematic of four different deposition conditions. I – constant current/constant 
concentration, II – constant current/variable concentration, III – constant voltage/constant 
concentration and IV – constant voltage/variable concentration. 145 
 
They then developed general equations for constant voltage and constant current 
deposition and then an even more general equation, which is applicable to both 
systems.145  































When Rr=1, R’=0 and there is no difference between constant current and constant 
voltage deposition.  Therefore Equation 27 is a universal equation for determining the 
deposit weight as a function of time.  As can be seen in Equation 28, the kinetic factor, k’, 
is time-independent, which means it has a variable value under constant voltage 
conditions and a constant value under constant current conditions.  Will et al. developed 
an empirical equation, based on Hamaker’s equation, that accounts for changing 
concentration and effective electric field during constat voltage deposition.  Their 
equation can be used to determine the deposit weight, 












































































































































































































or the current transient during the deposition process.176 
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 As can be seen in Figure 74, Will’s current transie t model follows their experimental 
transients very closely. 
 
 
Figure 74. Comparison between experimental current transients and those from the empirical model 
of Will et al. 
 
Taking their model at face value, we applied our empirical values to it to see how well 
the model compared to our experimental transients shown in Figure 55.  Our fundamental 
parameters within the suspension were as follows: particle concentration, co=10kg/m
3, 
sticking factor, f=1, particle surface area, S=12.25m2, surface charge density, 
as=0.076C/m
2, electrode distance, do=0.01m, dielectric constant of deposit, εD=31.4, 
dielectric constant of suspension, εs=21.9, substrate area, A=1.31*10
-4m2, electrophoretic 
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mobility, µ=5.10*10-11m2/Vs and deposit density, ρD=3.3*10
-9kg/m3. The empirical values 
of k1 and k2 were 0.0107As and 4.055*10
-7As/Ω, respectively as compared to Will’s 
values of 0.161As and 2.18As/Ω.  The result of applying Will’s model to our 
experimental data is shown in Figure 75. 
 
















 50V - Predicted Transient for 50V applied
 50V - Transient based on 2.3V applied
 50V - Actual transient from 50V applied
 
Figure 75. Comparison of our experimental current transient to that predicted by Will's model. 
 
As can be seen, the experimental transient (■) and the predicted transient (□) are both 
very far apart as well as different in shape.  The diffrence in the experimental and 
predicted values is due to the presence of the insulating substrate.  Based on a physical 
approach, the effective applied voltage is 2.3V as given by: 









For comparison, an applied voltage of 2.3V was input to Will’s model and is also shown 
as the open red squares in Figure 75.  It’s now obvious that the effective applied voltage 
across the system is 2.3V, due to the presence of the dielectric deposition substrate.  The 
model still doesn’t follow the shape of the experimental current transient, however, as the 
predicted values follow a slight linear drop as a function of time, whereas the 
experimental values show a sharp initial drop followed by a gradual decline.  The initial 
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drop is the result of hypothesized to be polarization within the dielectric substrate.  
Therefore Will’s model has to be modified to account for the polarization resistance at 
short deposition times, where flux density is constant.  At longer deposition times, where 
the current density is constant, the model and the experimental results appear to follow 
the same trend and thus modification shouldn’t be necessary.  Since Will et al. used a 
conductive substrate, they didn’t have to account for polarization at the electrodes as we 
have to.  We determined that, from an empirical perspective, the best way to account for 
the initial polarization drop was to use Sarkar and Nicholson’s approach and use a time-
independent kinetic parameter.  The universal kinetic parameter is variable with time and 
normalized to the change in current.  Figure 76 shows the change in current and the time-
independent kinetic parameter with time. 
 

































Figure 76. Change in time-independent kinetic parameter, based on the normalized current, with 
time. 
 
Applying the variable kinetic parameter to Will’s model rsults in an empirical current 
transient that closely follows the experimental results.  The result of combining Equation 
27, Equation 28, Equation 31 and Equation 32 is an empirical model that accounts for 
variable deposition kinetics as shown in Figure 77.  
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 Actual transient 2.3V applied
 Predicted transient 2.3V applied (variable k)
 Predicted transient 2.3V applied (constant k)
 
Figure 77. Comparison of experimental current transient with that from a modified version of Will's 
empirical model. 
 
Further, the amount of weight deposited as a function of time can also be modeled using 
the same though process as outline above.  Using a combination of the equations 
developed by Will and Sarkar and Nicholson, a variable kintic parameter model proved 
to mirror the experimental data very closely, whereas the constant kinetic parameter 
model wasn’t effective.  These results are shown in Figure 78. 
 





















 Actual deposit weight
 Predicted deposit weight (constant k)
 Predicted deposit weight (variable k)
 
Figure 78. Comparison of the experimental deposit weight with that from empirical models based on 
constant and variable kinetic parameters. 
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As has been shown, combining the empirical model of Will (Equation 31) with a variable 
kinetic parameter, iefficiency, to account for current (and thus deposition rate) decrease 
during constant voltage deposition, which is similar to that developed by Sarkar and 
Nicholson (Equation 28)  






and adding a term, Veffecive, to account for the effective voltage through a dielectric 
(Equation 32) was sufficient to model our constant vol age deposition on porous non-
















































































































































Equation 34 accurately predicted the current transient  and time dependent deposit 
weight for deposition times as long as 600sec. 
4.7.2 Physical Model 
Previously we reported the fundamentals of EPD on non-conductive substrates 
and compared them with that on conductive substrate.  Two factors were determined to 
influence the amount of deposit on non-conducting substrates, the amount of porosity 
within the substrate and the thickness of that substrate.  These two factors hold when a 
single substrate type is being used, but when different substrates are used, the dielectric 
constant must also be considered.  When a metallic substrate is used, the conductivity of 
that substrate is not limiting to the deposition process, as there are readily available 
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electrons.  Non-conductive substrates in a solvent act as two dielectrics sandwiched 
between parallel plate electrodes and therefore the deposition process is limited by the 
dielectric constant and thickness of the deposition substrate.  Ohmic losses across the 
substrate represent the greatest losses in a system whn a non-conductive substrate is 
used, as opposed to a system with a conductive substrate, which has the majority of its 
losses occur across the suspension.  The presence of a non-conductive substrate also leads 
to significant polarization resistance at the cathode interface, which isn’t observed in 
systems with conducting substrates. 
A physical model was developed by Gonzalez-Cuenca et al., which is based on 
one-dimensional deposit growth under constant voltage conditi s n a stirred 
suspension.232 Two layers, the growing deposit and the suspension are considered in the 
model, which incorporates mass balance and no concentratio  gradients.  They accounted 
for the electrostatics by starting with Maxwell’s equations confined to Coulomb’s Law 
and assumed that no charge is present at the cast-suspension boundary and that the 
permittivity of the cast and suspension is independent of position.  These assumptions 
lead to the Poisson equation, which further simplified to the Laplace equation.  
Experimental values from Zhang et al. were used to evaluate the model’s accuracy in 
predicting data.234  
There are some assumptions that Gonzalez-Cuenca et al. used in their model that 
we don’t agree with, specifically how they deal with the particle, cast and suspension 
permittivities and their lack of accounting for the change in dielectric constant of the 
suspension and cast as a function of deposition time. Contrary to Sareni235 and González-
Cuena.232, J. Will et al. made the assumption that the dielectric onstant of the deposit is 
greater than that of the suspension (εD>εs).  Sareni
236 and González-Cuena.232 assumed 
that the dielectric constant followed the Clausius-Mosotti approach (the suspension is 
considered as a periodic composite). The Clausius-Mosotti approachtreats the effective 
permittivity of the composite using the volume fraction, Φi, and relative permittivity, εi, 
 140 
of the respective phases, but doesn’t take into account the increased interface of the 
formed deposit.   











The solvent, s, is considered the host or matrix and the particle, p, is considered the filler 
material in this approach to determining the effective dielectric constant.  The equation is 
restricted to a volume fraction of particle/filler less then 0.45 (Φp < 0.45).  Based on this 
approach, the dielectric constant of the YSZ deposit formed by J. Will would be ~9.7, 
which is significantly lower than the dielectric constant of the ethanol medium, 24.3.  
This calculation assumes that the polyethylenimine (PEI) dispersant has a negligible 
effect on the effective dielectric constant, since its volume fraction is only 0.1% of the 
entire suspension.  Our own analysis on the dielectric constant of a wet deposit will be 
shown later. 
Since our EPD system appears to follow Gaussian physics, we decided to develop 
our own physical model that added interfacial polarization into the equation by modeling 
the entire system similar to a Maxwell-Wagner two layer condenser.  We modified the 
Maxwell-Wagner equation to include three layers: the substrate, the growing cast and the 
















Figure 79. Schematic and equivalent circuit for modified Maxwell-Wagner two-layer condenser. 
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Solving the electrical circuit we determine that:  
















The boundary conditions are that initially the field distribution must follow the 
electrostatic requirement of constant flux density (D1= 2=D3) and at steady state the field 
distribution must obey the condition of current continuity (J1=J2=J3). Using these 
conditions, a transient linking initial and final stages can be derived. In order to determine 
the three independent Vi components of the current, I i, three independent equations were 
determined, as shown. 


































These equations were independently solved by hand and through Mathematica v5.2, 





















































































































Since we’re dealing with ordinary 1st order differential equations (Bernoulli 
Equations),237 we can solve them by finding a general solution by separating the variables 
of the homogeneous equation when it’s in the form of 
Equation 39    )()(' xryxpy =+  
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Integrating by an integrating factor, F(x) 
Equation 40    ∫=
pdx
exF )(  
results in a general solution of 





The value of p, in the integrating factor is represented by: 









Rearranging Equation 38 into a form similar to Equation 39 and multiplying by the 
integrating factor resulted in Equation 41, which was simplified to the component Vi 
terms. 








































































































Where the time constant, τ, is defined as 











The values of V1, V2 and V3 could then be fed into Equation 36 along with values of the 
differential dVi terms.  The dVi terms were determined by solving Equation 36 for dVi,
similar to what was done for Vi.  Since each of the constituent variables (Ci and Ri) are 
time-dependent, empirical expressions governing their behavior were generated from 
experimental results. To determine the time-dependent b havior of the capacitance, the 
dielectric constant of the deposit and the suspension were measured as a function of time 
using a Solartron 1255 Frequency Response Analyzer and a 1296 Dielectric Interface.  
The increase in dielectric constant of the deposit is hown in Table 23. 
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Table 23. Time-dependent dielectric constant of deposit layer.  ‘Smushed’ represents the dielectric 
response when the two electrodes were smushed together with the deposit between. 








Smushed 31.17  
 
As can be seen, the dielectric constant of the deposit increases with time.  After the time-
dependent experiments were concluded, the deposit was ‘smushed’ between the two 
electrodes and a final measurement taken.  The resulting dielectric constant of the wet 
deposit was 31.17, quite close to literature values of the dielectric constant of YSZ, and 
proof that the dielectric constant of a wet deposit is greater than that of the suspension, as 
proposed by Will et al.  This also indicates that the Clausius-Mosotti approach doesn’t 
yield a valid representation of the dielectric constant of a wet deposit layer since the 
composite model doesn’t account for the increased interfac  formed during the deposition 
process. Other experiments to determine changes in suspenion conductivity and deposit 
growth rates were also conducted.  All the constituents were assumed time-dependent 
except for those associated with the substrate, layer 1, which were assumed static, the 
values of which are shown. 


















The empirical expressions generated for each constituent variable of layers 2 (deposit) 
and 3 (suspension) are given. 
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These experimental values and equations were plugged directly to Equation 43 resulting 
in a plot of the predicted voltage transients, which is given in Figure 81. 
 





























Figure 80. Plot of voltage transients calculated from Equation 43. 
 
The values of V1, V2 and V3 were then input into Equation 36, along with the derivative, 
dVi, values, which obeyed the following relation. 

































The final result of this model is a current transient, shown in Figure 81, which follows 
very closely with the experimental values. 
















 Predicted by model
 Experimental Values
 
Figure 81. Plot of current transients from physical model compared to those from experiments. Note 
the agreement between the model and experimental data. 
 
As is evident, the physical model accurately depicted the initial current drop due to 
polarization within the system.  Given the agreement b tween the model and the 
experimental data, Equation 43 can be used to model constant voltage EPD on non-
conducting substrates.  In fact, non-conducting substrates are just one case for which this 
model can be used.  The model itself is a very general case and can be easily modified for 
constant voltage EPD on conducting or non-conducting substrate use.   
4.8 Conclusions 
The longstanding assumption that EPD requires a conductive substrate is not 
necessarily true.  A method for performing electrophoretic deposition on non-conducting 
substrates has been developed through the use of porous substrates. In essence deposition 
on a non-conductive substrate is akin to deposition on a conductive substrate that already 
has a non-conductive layer deposited on it.  In practice, only the electrodes (working and 
counter) need to be conductive, so as to achieve a uniform driving force for deposition, 
be it through constant voltage or constant current.  From a fundamentals/mechanistic 
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standpoint, EPD on non-conductive substrates follows most of the same trends as on 
conductive substrates.  The deposit mass per unit area follows a linear trend with the 
amount of charge passed for all time-scales and a lineartrend with voltage for deposition 
times less than 3 minutes.  The amount of deposit increases with the substrate porosity 
and at the same level of porosity; increased substrate thickness decreases the amount of 
deposit. 
EPD on porous non-conducting NiO-YSZ substrates was analyzed statistically 
through an inscribed central composite statistical design.  YSZ deposit thickness, power 
density and ASR were influenced the greatest by the level of substrate firing temperature 
due to the resultant substrate porosity.  Power density and ASR were also strongly 
influenced by the voltage quadratic term.  Low levels of ubstrate firing temperature 
(1100°C), when combined with low levels of voltage (50V) and time (1min) lead to a 
6µm film with high power density (628mW/cm2) and low interfacial resistance 
(0.21Ωcm2).  Substrate firing temperature and/or voltage increases generally decreased 
deposit density and power density while increasing ASR.  The time factor had its most 
significant influence on the deposit thickness and therefore also the power density, but 
wasn’t found to affect ASR.  A final experiment, generat d by the model, validated the 
legitimacy of the model to predict experimental results. 
The electrophoretic deposition of YSZ on a non-conducting a d porous NiO-YSZ 
anode substrate has been demonstrated. We believe that this pproach of using porous 
substrates for electrophoretic deposition on non-conducting substrates can be extended 
for both thin and thick film deposition on a variety of other non-conducting substrates as 
well. The success of electrophoretic deposition of YSZ on NiO-YSZ substrates is 
significant since it enables deposition of thin SOFC electrolytes at low cost.. The SOFC 
constructed on such bi-layers exhibited a power density of 1.2W/cm2 at 850oC and an 
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OCV of 1.01V. The feasibility of electrophoretic deposition on non-conducting substrates 
also opens up its use in other applications such as membranes supported on porous 
substrates for gas separation, sensors and other electrochemical devices. 
Empirical and physical-based models were developed to model the xperimental 
current transients and deposit weights as a function of deposition time.  The empirical 
model combined two previous works with a factor to account for the non-conductive 
substrate.  As was determined in the literature, an empirically based time-independent 
kinetic parameter was successful in modeling constant voltage EPD.  A physical based 
model was developed, which was essentially an extension of the Maxwell-Wagner two-
layer condenser.  The model was able to account for pola ization losses at the dielectric-
electrode interface, the dynamic growth of a porous dielectric layer and time dependent 
physical properties (resistance and capacitance) within the suspension and deposit layers.  
This model can now be used as a very general case of a physical model for EPD 
regardless of deposition on a conductive or non-conductive substrate. 
These results show that this technique is farther reaching than just for fabrication 
of dense electrolytes for SOFCs.  Many applications would like use porous oxide 
substrates as the building block for device fabrication, but can’t because of the difficulty 
in depositing a dense uniform layer over top of it.  Other more common deposition 
techniques such as DC and RF sputtering, PVD, EVD and CVD struggle to form thin 
dense films on porous substrates.  Therefore this breakthrough deposition technique 
opens the door for the deposition of thin dense layers on any porous non-conducting 






V. HERMETIC SOLID OXIDE FUEL CELLS WITHOUT SEALANT 
 
5.1 Literature Review 
An SOFC at its simplest level is four independent materils sandwiched together 
to carry out an electrochemical reaction.  These materials range from highly conducting 
metals to highly insulating ceramics, have drastically different lattice constants, thermal, 
electrical and mechanical properties, phase stabilities and ion activities.  The majority of 
current research has been aimed at improving or altering these materials so that they 
interact more amicably during operation.  Another avenue of r search has been to 
develop intermediary materials with properties in between those of the two fuel cell 
components.  These materials are sandwiched between th original fuel cell components 
to reduce unwanted reactivity.  Despite improving the properties, adding new materials to 
the SOFC increases its complexity as well as the number of total interfaces.  Increasing 
the number of materials causes the SOFC to operate in  much more interfacial dependent 
mode since for every added material there are up to two added interfaces, as shown in 






































Figure 82. Evolution of SOFC design showing the introduction of multiple interfaces through 
external sealants, buffer layers and extraneous materials. 
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Interfacial dependence means that the charge carrying specie  now has to travel across 
more interfaces than actual bulk materials causing the in erfacial properties to control the 
SOFC characteristics.  At a critical complexity point, the bulk materials no longer control 
the operating mechanisms and their properties become insignificant compared to those of 
the interfaces themselves.  SOFC performance therefor  is no longer a function of the 
materials chosen, but the interfacial reaction layers fo med between them. 
When any two materials are joined together, a hybrid region develops between them.  
The thickness of that region is function of the degree of interaction between those 
materials.  Therefore highly active materials or ions will readily give up their position in 
one material and cross the interface to react with another.  As this occurs a new phase 
may develop, which may not be beneficial to the interface.   Since phase stability controls 
a number of important characteristics such as interactions with neighboring materials, 
atmospheric interactions, ion affinity and activity, kinetics of reaction and potential 
changes in the physical properties, minimizing the amount f i teraction is crucial.  
Depending on the interface, SOFC components desire both highly mixed and highly inert 
interfaces.  The cathode-electrolyte interface performs best when the interface is mixed or 
gradual.  The interconnect-electrode interface performs best when the interface is inert, or 
rather that no ions diffuse in either direction.  Development of efficient interfaces 
between SOFC components is therefore essential for high power density and the stability 
of those interfaces will determine the lifetime, cyclability, and overall success of SOFCs 
as commercial energy conversion devices. 
One of the major problems facing the advancement of solid oxide fuel cell 
(SOFC) technology is sealing between cells in a stack.99,100 Typical glass and ceramic 
seals can form reactive phases,101-103 leak104 and/or degrade101,102 over time, decreasing 
SOFC performance.  While recent work addressing the issueof SOFC sealant materials 
shows progress, various problems still remain. 99,100 Hard seals such as those achieved 
using glass sealant materials are rigid and readily prevent gas mixing, but degrade over 
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time due to atmospheric conditions.101-103, 111 Glass seals also have difficulty relaxing to 
the thermal stresses of cycling and often crack the mat rials in which they are in contact.  
Soft or compressive sealant materials such as various mica compositions and ceramic 
fiber seals have also been examined.105 These materials tend to have higher leakage rates 
than the rigid glass materials, but show better thermal cycling characteristics. 
Presently there is no universal sealing method and research to improve stack sealing has 
centered on glass, ceramic and glass-ceramic hybrid materials.238 Hybrid sealant 
materials developed at PNNL have achieved leakage rates as low as 0.01sccm/cm at 
800°C for polycrystalline muscovite and phlogopite mica layers under 6.89*105-2.76*106 
Pa (100-400psi) compressive stresses.239 Hybrid sealants using single crystal muscovite 
mica show leakage rates two orders of magnitude lower at compressive stresses of 
1.72*105-6.89*105 Pa (25-100psi), which are some of the lowest reported in literature, as 
shown in Table 24.239,240,241,242  
 
Table 24. Literature values of leakage rate for SOFC sealants. 
Plain Hybrid Plain Hybrid Plain Hybrid
800 25 - 0.000359 - - - -
800 50 - 0.000243 - - - -
800 100 0.65 0.000155* 5.77 0.0126 8.85 0.0108
800 200 - - - 0.0122 - 0.0105
800 300 0.42 - 2.84 0.0115 2.97 0.0103
800 400 - - - 0.0107 - 0.0098
800 500 0.28 - 1.92 - 1.68 -
A typical glass seal is 5x10-5 sccm/cm @ 800ºC
Phlogopite Paper
Normalized* Leakage Rates (sccm/cm)
Compressive 
Stress (psi)
Temp (ºC) Muscovite Single Crystal Muscovite Paper
 
 
5.2 Hermetic Seal 
A unique SOFC design has been developed aimed at reducing system complexity 
by decreasing the number of components and interfaces.  The design forms an inherent 
solid-state seal between interconnect and electrolyte through expansion of the electrolyte 
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layer beyond the anode chamber and down to interconnect.  This exploits the 
requirements of the separator and sealant because both need to be dense, gas 
impermeable, non-reactive/chemically compatible with surrounding components and 
atmospheres as well as unaffected by the operating temperature.  Since the primary SOFC 
components need to have similar CTE, the sealing capability of this interface will be 
determined by its ability to block gas transport and shouldn’t be confounded by thermal 
issues.  A schematic of the proposed hermetic design was shown in Figure 21 and a 












Figure 83. Proposed hermetic SOFC design showing the blocking electrode function of the 
YSZ|FeNiCr5 interface. 
 
5.2.1 Blocking Electrode 
To evaluate the sealing capability of the proposed hermetic SOFC structure, the 
interfacial characteristics of each component in contact with the interconnect were 
examined.  Symmetric cells of anode-interconnect and electrolyte-interconnect were 
fabricated in order to isolate the desired interface. Th  electrolyte-interconnect interface 
was prepared with two different geometries in order to analyze gas transport 
characteristics both across and along the interface.  Th  two interfacial geometries, 
 152 
longitudinal and lateral, differed with respect to how the electrolyte and interconnect 













Figure 84. Schematics of longitudinal and lateral interfaces, which represent the critical interface in 
the hermetic design. 
 
Symmetric cells were fabricated by lamination of individual component tapes, 
overcasting (longitudinal interface), and co-casting (lateral interface).  Iron oxide (Fe2O3, 
>99.5%), nickel oxide (NiO, 97%) and chromium oxide (Cr2O3, 99%) powders were 
purchased from Fisher Scientific as the starting materials for the interconnect slurry.  
YSZ powder (8 mol%, Daiichi Corporation) with a median particle size of 0.26µm was 
used for the electrolyte slurry.  The as-received NiO particle size (d<10µm) was initially 
too large to remain suspended and therefore was ball milled until it had a particle size of 
less than 3µm, as shown in Figure 24.  The Fe2O3 and Cr2O3 powders were used as 
received and had particle sizes of less than five microns.  Stoichiometric mixtures of the 
interconnect powders were prepared in order to achieve a final composition of 
Fe47.5Ni47.5Cr5 (FeNiCr5).  This composition was chosen based on the recommendatio  of 
Church who studied the physical properties of various SOFC interconnect alloys from 
room temperature to 750°C and compared them to YSZ (CTE=10.5*10-6 K-1).97   
The interconnect slurry was prepared using 21% solids by volume, 60% by volume of 
solvent (an even mixture of ethanol and xylenes) and 21% dispersant (Z-3 Menhaden fish 
oil) with respect to solids content.  The remainder of the slurry was organic binder 
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(polyvinyl butyral, B-98) and plasticizer (UCON polyalkylene glycol and S-160 butyl 
benzyl phthalate) with ratios of 3.8:1 and 2.5:1 to the solid  content respectively.  The 
exact formula for the interconnect slurry is shown in Table 25. 
 
Table 25. Slurry formula for tape cast interconnect. 
Component Purpose Weight (%) Weight (g) Volume (%) Volume (cm3)
Fe2O3 powder 50.1 20.04 11.8 3.82
NiO powder 44.5 17.8 8.27 2.67
Cr2O3 powder 5.4 2.16 1.28 0.414
Ethanol solvent 12.5 7.69 29.75 9.61
Xylenes solvent 12.5 7.69 29.75 9.61
Menhaden Fish Oil dispersant 2.5 1.54 4.67 1.54
Polyalkylene Glycol plasticizer (type I) 3 1.85 5.73 1.85
Butyl Benzyl Phthalate plasticizer (type II) 1.5 0.923 2.86 0.923
Polyvinyl Butyral binder 3 1.85 5.73 1.85  
 
The YSZ slurry was prepared using lower solids content (17.6% by volume) because the 
median particle size was considerably smaller, 64% by volume of solvent and 21% 
dispersant with respect to solids content.  The same binder and plasticizer organics were 
added to the slurries in ratios of 3.7:1 and 3:1 of solids content respectively. The exact 
YSZ electrolyte formula is given in Table 26. 
 
Table 26. Slurry formula for tape cast YSZ electrolyte. 
Component Purpose Weight (%) Weight (g) Volume (%) Volume (cm3)
YSZ powder 60 50 17.61 8.33
Ethanol solvent 14.5 12.08 32.92 15.58
Xylenes solvent 14.5 12.08 30.90 14.62
Menhaden Fish Oil dispersant 3 2.49 5.26 2.49
Polyalkylene Glycol plasticizer (type I) 2.625 2.187 4.62 2.187
Butyl Benzyl Phthalate plasticizer (type II) 1.625 1.354 2.86 1.354
Polyvinyl Butyral binder 3.75 3.12 6.59 3.12  
 
All tape cast slurries were prepared using a two-stage milling process. The initial slurry 
contained only powder, solvent and dispersant and was ball-milled for four hours prior to 
addition of the other constituents.  Ball-milling was then resumed for another 24 hours 
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before casting the slurries at a blade height of 150µm on a Mistler TTC-1200 tabletop 
caster, as shown in Figure 85.117  
 
 
Figure 85. R.E. Mistler TTC-1200 table top caster. 
 
Lamination of individual tapes was used to fabricate symmetric cells between the anode, 
electrolyte and interconnect materials.  The longitudinal geometry was prepared by 
casting the electrolyte slurry overtop of the interconnect (overcastting) and then 
laminating two bi-layers together into a symmetric cell.  Co-casting or the simultaneous 
(side-by-side) casting of two slurries and was used to fabricate the lateral interface 
geometry.  The cast tapes were allowed to dry overnight before 1.9cm circular samples 
were punched, laminated together in a uniaxial press and sintered at 1300°C in 4%H2 
(balance Argon) for five hours, a schedule determined by ilatometry.  A semi-
constrained sintering technique, using 11.5cm x 11.5cm alumina firing plates and ceramic 
spacers of known thickness, was employed to ensure that the resulting samples would not 
warp during sintering. Though there is some debate as to whether the Cr2O3 can be fully 
reduced, Cochran et al., determined that mixing of the component powders in the oxide 
phase helps to ensure full reduction.243 Figure 86 shows an XRD pattern of the 
interconnect after sintering.  
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Figure 86. XRD pattern of reduced Fe47.5Ni47.5Cr 5 interconnect after sintering at 1300ºC in 4%H2 for 
4hrs. 
  
After sintering, silver electrodes were attached to the symmetric cell samples for testing 
in reducing (H2 + 3%H20), oxidizing (air) and SOFC operating environments.  Interfacial 
properties of the symmetric cells were studied by electrochemical impedance 
spectroscopy (EIS) as a function of temperature and direct current (DC) bias.  Samples 
were ramped to 550°C in each atmosphere and held for 30 minutes before testing.  
Impedance measurements were conducted in 50°C increments from 550°C to 750°C 
under open circuit (DC=0V) and DC bias conditions (DC=0.1, 0.3 and 0.5V) with 20-
minute dwell times before each measurement.  The frequency was swept from 1MHz to 
20mHz with an AC perturbation of 20mV.  The above experiments were also repeated for 
a bulk interconnect pellet of the same composition (Fe47.5Ni47.5Cr5).  This allowed the 
ohmic contribution of the interconnect to be subtracted from that of the electrolyte in the 
overall impedance spectra. 
 The first interfacial geometry, the longitudinal interface, sandwiches the 
electrolyte in between two interconnect layers in asymmetric cell structure.  The 
longitudinal interface was prepared in order to determine the interfacial characteristics of 
gas species moving between interconnect and electrolyte layers.  Ideally a dense interface 
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forms between the electrolyte and interconnect, which blocks gas transport.  Impedance 
spectroscopy was used to measure the interfacial characteristi s as a function of 
temperature and DC bias, as described above.  If gaseous species are being blocked at the 
electrolyte-interconnect interface, mass transport limitation will result in an increase in 
impedance with applied DC bias.  If gas species are not blocked, impedance will decrease 
with DC bias.  Schematics of impedance spectra under mass transport and charge 
















Figure 87. Schematics of impedance spectra under (a) mass transfer and (b) charge transfer control 
when a DC bias is imposed. 
 
Blocking gas transport within the cell will also lead to a build up of ions at the interface 
causing a residual voltage to be retained within the cell ev n after removal of the applied 
bias.  The ability of the cell to relax or dissipate this charge (relaxation time constant) 
should be proportional to the porosity of the interface. Initially symmetric cell samples 
were prepared by laminating individual layers of interconnect and electrolyte tape 
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together in the uniaxial press.  Impedance characterization of the laminated symmetric 
cell is shown in Figure 88. 
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Figure 88. Impedance spectra of FeNiCr5|YSZ|FeNiCr5 laminated symmetric cell at 650°C in air as a 
function of DC bias. 
 
The impedance of the symmetric cell formed by lamination decreased with increased 
applied DC bias as discussed previously.244  The decrease in impedance with DC bias 
was due to the formation of bulk and interfacial porosity during testing.  This can be seen 
in the SEM images, shown in Figure 89(a-c), of the electrolyte-interconnect interface, 
interconnect surface and interconnect bulk before and after testing.   
 
(a)  (b)   
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(c)  
Figure 89. SEM images of (a) FeNiCr5|YSZ electrolyte interface before testing, (b) FeNiCr5 surface 
after testing and (c) FeNiCr5 bulk after testing. 
 
Based on the isothermal impedance trend as a function of DC bias it was determined that 
the sharp interface resulting from lamination of individual electrolyte and interconnect 
component tapes could not form an interface that blocked gas transport.  The after-testing 
SEM images of the interconnect also showed that increased density was necessary.  In 
order to achieve an interface that effectively blocked oxygen transport a fabrication 
method that allowed a more intimate mixture of the intrconnect and electrolyte was 
required.  Intermixing of the two layers was accomplished by overcasting of the 
electrolyte and interconnect tapes.  Instead of casting each layer individually and 
uniaxially laminating them together, the layers were cast on top of each other while in the 
green state.  The result is shown in Figure 90(a-b), which reveals a large region of 
intermixing between the YSZ electrolyte and the FeNiCr5 nterconnect as well as 
elimination of interfacial porosity.  Another improvem nt was the surface of the FeNiCr5 
material, which shows a dense surface as opposed to the p rous surface shown previously 
in Figure 88(b). 
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(a)  (b)  
Figure 90. SEM images of (a) FeNiCr5|YSZ interface by overcastting after testing and (b) dense 
FeNiCr5 surface after testing. 
 
Overcasting fabrication resulted in an intermixed region over 50µm thick between 
interconnect and electrolyte layers.  Energy dispersive x-ray analysis (EDS) of the 
intermixed region revealed that it was in fact an intermixture of interconnect and 
electrolyte materials.  The EDS spectrum of the intermixed region is shown in Figure 91. 
 
 
Figure 91. EDS spectrum of the FeNiCr5|YSZ intermixed region after testing. 
 
XRD of the YSZ|FeNiCr5 cross-section didn’t reveal any secondary phases present in the 
system, only the YSZ, FeNiCr5, and a NiCrO3-like oxidation phase of the interconnect, 
which was present previous to testing (see Figure 86), as shown in Figure 92. 
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Figure 92. XRD pattern of YSZ|FeNiCr5 cross-section after testing. 
 
Electrochemical impedance spectroscopy analysis of the overcast structure in air 
revealed that the interface formed by overcasting prohibited gas transport.  The interfacial 
resistance decreased as a function of temperature in an a r tmosphere when not under 
polarization.  Isothermally however, the interfacial impedance increased as a function of 
DC bias, as seen in Figure 93, indicating that oxygen ions were blocked at the interface. 
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Figure 93. Impedance of FeNiCr5|YSZ|FeNiCr5 overcast symmetric cell interface at 650°C as a 
function of DC bias. 
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After the applied DC bias was removed from the cell, a significant amount of residual 
voltage remained at the interface.  The remnant voltage was a function of both the applied 
bias and the temperature at which the measurement was taken.   At its peak, a residual 
voltage of 0.498V remained at the interface after removal f 0.5V-applied bias at 750°C.  
Attempts to dissipate the residual charge by shorting the lead wires or just allowing the 
cell to relax had a negligible effect, implying that theint rface formed by overcastting 
blocks ion transport and stores the charge at the interface.  Since the measured relaxation 
time is slow, on the order of a capacitor, the interface must be dense.  These were all 
desired characteristics for the proposed hermetic SOFC.  A plot of the residual voltage at 
the interface and corresponding relaxation time constant as a function of temperature is 
shown in Figure 94.   
 




































Figure 94. Residual voltage and relaxation time constant at metal-ceramic interface as a function of 
temperature. 
 
When the atmosphere was changed to humidified (3 vol. % H2O) hydrogen, the 
impedance also decreased as a function of temperature.  The desired isothermal 
impedance trend under DC bias was for the impedance to decreas , which is opposite the 
trend for the air atmosphere.  The proposed structure has one point where the 
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electrolyte/interconnect interface comes in contact with a reducing atmosphere, as seen in 
Figure 21 and Figure 83, corresponding to a line in three dimensions.  Since the 
electrolyte and interconnect materials are not proton conductors, hydrogen should remain 
only in the anode chamber during SOFC operation.  A decreasing trend in impedance 
with DC bias corresponds to oxygen ions being pumped into the anode chamber, from 
within the electrolyte, at a faster rate than under open circuit conditions.  These oxygen 
ions are able to enter the anode both at the top as well as the sides due to the unique 
higher surface area interface created with the proposed geometry.  Therefore the 
decreasing trend in impedance is acceptable and is shown in Figure 95. 
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Figure 95. Impedance spectra of FeNiCr5|YSZ|FeNiCr5 as a function of DC bias in humidified 
hydrogen at 650°C. 
 
Oxidation resistance of the interconnect alloy within t e symmetric cell was not explicitly 
measured; however the physical properties and oxidation resistance of this alloy were 
previously quantified by Church.52,97 Church measured the CTE of the alloy from room 
temperature to 750°C and found that it be 9.17*10-6 K-1, which closely mirrored that of 
YSZ at temperatures above 400°C. The alloy was also subjected to oxidizing atmosphere 
at 700°C for 23 hours without significant observation of oxidation, dusting or spalling.  
The alloy was observed to remain conductive after all symmetric cell measurements up to 
750°C in air and SEM did not reveal any evidence of surface mi rostructural changes due 
to oxidation.  Switching from an air atmosphere to a hydrogen-containing atmosphere did 
not appear to affect the sample macrostructure (flatness, shape) or microstructure 
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(cracking due to oxidation-reduction cycling), which also indicates that the interconnect 
alloy must have entered the hydrogen atmosphere with negligible oxidation.   
Symmetric cells involving the anode (Ni-YSZ) and interconnect were also characterized 
by impedance spectroscopy.  Since the anode and interconnct components would be in 
contact within the proposed hermetic structure as with any SOFC, the interfacial 
characteristics needed to be determined.  The only atmosphere in which the symmetric 
cell was tested was humidified hydrogen as that is the only environment this interface 
will encounter in a SOFC.  As would be expected for a cell with a continuous metallic 
phase, the bulk impedance increased steadily with temperatur. Shown in Figure 96 is the 
total conductivity as a function of temperature of the int rconnect-anode symmetric cell, 
as determined from impedance spectroscopy.  
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Figure 96. Conductivity of Ni-YSZ|FeNiCr5|Ni-YSZ symmetric cell in humidified hydrogen. 
 
After the success of the YSZ|FeNiCr5 system in making a blocking electrode, the same 
series of fabrication steps and experiments were performed on the GDC|FeNiCr5 system.  
Commercial powders of gadolinia-doped ceria (GDC, Rhodia) were obtained and 
dispersed in organic-based slurries.  Ceramic tapes of GDC electrolyte, and the oxide 
form of FeNiCr stainless steel, as discussed earlier and shown in Table 25, were prepared 
by tape casting.  The appropriate powders were suspended using Menhaden Fish Oil 
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(dispersant) polyvinyl butyral (binder), polyethylene glycol (type I plasticizer) and butyl 
benzyl phthalate (type II plasticizer).  The slurries were prepared in a two-stage process 
and ball-milled as discussed previously.  The formula for the GDC slurry is shown in 
Table 1. 
 
Table 27. Slurry formula for tape cast GDC electrolyte. 
Component Purpose Weight (%) Weight (g) Volume (%) Volume (cm3)
GDC powder 60 50 17.60 8.33
Ethanol solvent 14.5 12.08 32.92 15.58
Xylenes solvent 14.5 12.08 30.90 14.62
Menhaden Fish Oil dispersant 3 2.49 5.26 2.49
Polyalkylene Glycol plasticizer (type I) 2.5 2.08 4.40 2.08
Butyl Benzyl Phthalate plasticizer (type II) 2 1.29 2.73 1.29
Polyvinyl Butyral binder 3.5 2.93 6.19 2.93  
 
The green tape was cut into 1.9cm discs and laminated into symmetric cells using a 
Carver uniaxial press.  Symmetric cells of interconnect/electrolyte/interconnect, and 
interconnect/interconnect were prepared and sintered at 1300°C for four hours in 4% H2.  
Semi-Constrained sintering techniques were used in order to minimize warpage while 
still allowing the tape to sinter without cracking.  Platinum electrodes were applied to the 
cells and electrochemical impedance spectroscopy measurements were conducted from 
450°C-750°C in both air and humidified H2.  DC polarization of 0.1V, 0.3V and 0.5V 
was also applied at 550°C, 650°C and 750°C.  The frequency was swept from 200KHz to 
20mHz with a 20mV AC perturbation in all experiments.  Impedance measurements were 
taken without applied potential as temperature increased, and with applied potential 
during temperature decrease.  Measurements using no applied potential w re also 
repeated as temperature decreased in order to observe any post applied potential changes 
in the interfacial properties.  
As expected, the impedance decreased as a function of temperature in both air and 
humidified hydrogen atmospheres.  The area specific impedanc trends are shown in 
Figure 97(a-b).  
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Figure 97. Area specific impedance spectra of GDC|FeNiCr5|GDC symmetric cell tested in (a) air and 
(b) 4% H2 from 550°C to 700°C. 
 
The bulk resistance of the symmetric cell is composed of a single layer of electrolyte and 
two layers of interconnect.  Thus for accuracy, the impedance measurements were 
corrected for the bulk resistance of the interconnect i  both atmospheres values.  As a 
side note, Figure 97(b) shows a drastic decrease in bulk impedanc  between 550ºC and 
600ºC.  The drop corresponds to the dramatic increase in thelectronic transference 
number of GDC, especially under a reducing atmosphere, around 600ºC.  As was 
mentioned in section 2.1.1, this is the issue with using GDC as an intermediate to high 
temperature electrolyte.  As the electronic contribution o conductivity becomes large 
enough, electrons leak across the cell and reduce the OCV or even cause shorting. The 
bulk resistance values for the interconnect in air and humidified hydrogen are shown 
below in Figure 98. 
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Figure 98. Plot of the log of bulk area-specific resistance versus inverse temperature for the FeNiCr5 
interconnect. 
 
To summarize the previous plots, a single graph was made depicting the area specific 
bulk and polarization resistance values, compensated for lead wire and interconnect bulk 
resistance, as a function of inverse temperature.   This is shown below as Figure 99. 
 





































Figure 99. Plot of the log of area-specific polarization resistance versus inverse temperature for the 
interconnect/electrolyte/interconnect symmetric cell in air and humidified hydrogen atmospheres. 
 
The temperature dependence trends for the symmetric cell without DC polarization 
showed a decreasing intercept and decreased interfacial resistance as shown in Figure 
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97(b).  As temperature increases the bulk conductivity of the GDC layer should increase 
and thus the intercept should decrease.  Another reason the bulk intercept decreases is 
that the electronic transference number of GDC increases dramatically within the 
intermediate temperature range.  Therefore it was expected that the bulk resistance 
decrease greatly above 550°C.  The polarization resistance should decease with 
temperature as well because the mass transfer limitations decrease. Since the interfacial 
resistance decreased with applied DC polarization, as seen in Figure 100, oxygen is able 
to permeate through the interconnect and reach the electrolyte.   
 




















Figure 100. Area specific impedance spectra of symmetric cell tested at 750°C in air with applied DC 
bias from 0V-0.5V. 
 
Despite the interfacial impedance being high, this data indicates that either the density of 
the interconnect was not high enough and therefore the interface between the two layers 
had less of a blocking effect at higher applied potentials or a reactionary layer formed 
between the GDC and FeNiCr5 layers.  To fabricate a complete hermetic seal, the 
blocking characteristics need to be improved.  SEM imaging after testing revealed a 
porous interfacial layer between the electrolyte and a dense electrolyte surface, as shown 
in Figure 101(a-b).  
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(a)  (b)  
Figure 101. (a) GDC/Interconnect laminate without completely dense interface. (b) Surface image of 
dense GDC electrolyte. 
 
This indicates that oxygen is more easily transported across the interface as DC bias is 
increased.  Therefore the porous layer allowed oxygen to transfer across the interface 
from the electrolyte into the interconnect.  Application of a DC bias only promoted this 
transport to occur at a higher rate, thus reducing the impedanc  further from the open 
circuit state. Traditional planar SOFCs typically use the interconnect as both a current 
collector and as a vehicle for gas flow channels.  The interconnect used in this experiment 
would serve well for that application as it has a random c nnected surface porosity that 
allows gas to travel easily.  For the type of seal-less SOFC attempting to be fabricated in 
this experiment, the surface porosity is not desired.   
Tested and untested GDC|FeNiCr5 samples were then cross-sectioned and viewed 
using a Hitachi S-800 SEM and LEO 1530 SEM to determine polarization effects on the 
interface.  Surface images were also taken of untested samples to observe the apparent 
porosity, grain size and grain size distribution.  EDS dot mapping was also done for 
tested and untested samples in order to determine the amount, if any, of ion movement 
across the interface as well as the effect of DC polarization on the elemental activity and 











Figure 102.  EDS dot map of the GDC|FeNiCr5 cross-section after testing. 
 
As is obvious, the Fe, Ni and Cr elements have crossed the interface into the GDC layer, 
which would cause a change in both the GDC properties and unit cell volume.  After 
repeated efforts, it was determined that the GDC|FeNiCr5 system wasn’t suitable for use 
in the hermetic design.  The leading reason for this determination were the degree of ion 
movement between the two components, which inevitably would result in degraded 
performance, and can’t be prevented without the use of a bu fer layer.  Since the use of 
added layers, such as buffer layers, to improve performance by hindering reactions was 
against the principle of the hermetic design (which was developed to simplify SOFCs by 
reducing the number of components), further work on this system was not considered.    
5.2.2 Leakage Rate 
The electrolyte-interconnect lateral geometry samples, shown in Figure 84, were 
sealed to an alumina tube using ceramic cement (Autostic) to determine the leakage rate.  
The alumina tube setup was mounted in a vertical furnace (ATS clamshell) and 
manifolded with an inlet gas line flowing compressed argon through an Omega 
rotameter.  An exit line fed the effluent gas to a mass spectrometer (Hiden Analytical 
















Figure 103. Experimental setup for lateral interface leakage rate testing. 
 
The furnace was ramped to 550°C and held for 20 minutes prior to leakage rate 
measurement.  Argon flow was set to 75sccm and the system was held for 10 minutes to 
allow for purging of residual water from the gas lines.  The partial pressure of oxygen, 
due to impurity within the argon gas cylinder and gas lines, wa  also measured to ensure 
correct determination of oxygen due to seal leakage. Profile scans were taken using the 
residual gas analyzer with three iterations from 1amu to 80amu at 100 samples per atomic 
mass unit (amu).  A Faraday detector collected the signal and the data was reported as 
pressure intensity versus amu.  The leakage rate was determined based on the pressure 
intensity peak ratios for the detected gases and the assumption of the ideal gas law.  
Sealing a dense YSZ pellet with the Autostic cement and testing it under identical 
conditions also determined a baseline leakage rate of the entire setup. This allowed any 
leakage from the circumference of the pellet-alumina tubeinterface to be quantified. 
The longitudinal geometry samples characterized the gas tran port properties across the 
interface, but not laterally along the interface.  Oxygen ions were blocked at the hermetic 
interface and hydrogen ions kept in the anode chamber, however gas transport from 
outside the cell into the anode chamber wasn’t determind.   Testing the leakage rate of 
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the hermetic structure required preparation of a different interfacial geometry.  The type 
of interface formed within the symmetric cell didn’t allow for easy cross-sectional 
manifolding and therefore co-casting method was employed.  With this technique the 
YSZ and interconnect slurries were co-cast into a single tape.  After sintering, SEM 
imaging and EDS dot mapping were conducted on a single layer cross-section, which are 




Figure 104. (a) SEM and EDS dot map of a single YSZ|FeNiCr5 co-cast layer cross-section and (b) 
SEM of FeNiCr5|YSZ surface interface. 
 
The interface was not vertical as might be imagined when viewing the top surface, but 
rather has a more tortuous shape.  The formation of a n n-linear interface was due to the 
different shear rate or rheological characteristics of the two slurries.  Though both slurries 
exhibit shear-thinning behavior, they don’t have the same shear rate values and thus cast 
differently.  Since the interconnect slurry was less vi cous at the shear rate of casting, it 
cast in a higher surface area geometry than the more viscous YSZ slurry.  Three of these 
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layers were aligned, laminated together and sintered to form a cell for leakage rate 
testing. 
The leakage rate of the hermetic SOFC interface was determined using mass 
spectrometry (as shown in Figure 103).  Lateral Interface leakage rates were determined 
by flowing argon gas through the inlet line and allowing the other side to be exposed to 
air.  The effluent gas was fed to a mass spectrometer for composition determination.  
Primarily the effluent was probed for the presence of air species (primarily N2 and O2), 
which would correlate to leakage through the interface.  The amount of oxygen species 
present within the argon gas cylinder was stated by Air Products to be less than 0.0005%.  
Due to the inevitable presence of water and trace gas specie  within the gas lines, the 
partial pressure of oxygen was measured at the gas outlet in order to be certain the 
quantified oxygen due to leakage wasn’t being diluted with species from the gas lines.  
The partial pressure of oxygen was determined to be 1.31*10-2 Pa, which is about 
0.0005% of the argon stream. Figure 105(a-b) shows the mass spectrum for the first scan 
at 750°C.  The top spectrum is the full scale output from the first scan and the bottom 
spectrum shows a zoomed-in version highlighting the smaller intensity peaks.    
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Figure 105. Mass spectrum from leakage rate testing at 750°C. (a) full spectrum from 1-100amu and 
(b) spectrum from 1-45amu. 
 
Assuming the ideal gas law, the peak intensity ratios were used along with the argon flow 
rate to determine the leakage rate through the YSZ|FeNiCr5 inte face.  The resulting 
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leakage rate as a function of temperature is shown in Table 28 and the corresponding 
trend plotted in Figure 106. 
   




































Figure 106. Plot of leakage rate as a function of temperature. 
 
The leakage rate as shown in Figure 106, decreases linearly with increased 
temperature.  The reduction in leakage rate was initially be ieved to be due to 
interconnect oxidation and removal of oxygen species from the effluent.  This was not the 
case however, as the nitrogen to oxygen ratio in the effluent remained consistent with that 
of air and did not show a trend with temperature.  The leakage rate decrease is therefore 
believed to simply be a thermal effect due to increased en rgy, lattice vibrations and 
collisions between gas molecules.  This increases the tortuosity of the gas molecule path 
and reduces the leakage rate.   
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The sample was also held at 750°C for 2 hrs, with measurements every thirty 
minutes, in order to determine whether the leakage rate changed as a function of time.    
The leakage rate as a function of time for an isothermal soak at 750°C is shown in Figure 
107 and Table 29. 


























Figure 107. Plot of leakage rate as a function of time for isothermal soak at 750°C. 
 












Figure 107 exhibits a logarithmic trend in leakage rate withtime and appears to approach 
an asymptotic value.  Since energy is no longer being increased, the gas transport along 
the interface can reach steady state, thus establishing equilibrium between the partial 
pressures of the gas species. This could reasonably be considered the steady state leakage 
rate for the hermetic seal at an operating temperature of 750°C, given a stationary 
application. 
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After testing, the sample was cross-sectioned and again SEM and EDS dot 
mapping were performed, as seen below in Figure 108.   
 
 
Figure 108 SEM with EDS dot map of FeNiCr5|YSZ sample used for leakage rate testing. 
 
Since three individual co-cast layers were laminated together to form a single cell, as 
previously discussed, there is a repeating pattern of Figure 104(a) within the tested cell.   
This cross-section corresponds to the schematic shown in Figure 109, where the dotted 
line corresponds to the region being shown in the SEM and EDS dot map and the solid 
lines represent the individual layers. 
 




Figure 109. Schematic of FeNiCr5|YSZ lateral interface cross-section showing three laminated co-
cast layers. 
 
5.3 Fabrication of Full Cell 
Ceramic processing techniques such as tape casting and electrophoretic deposition 
are suitable low-cost methods of producing uniform thin oxde layers.  Electrolyte- and 
anode-supported SOFC components are readily fabricated using these methods.  Though 
both techniques allow for thin oxide layers, tape casting is more of a substrate producing 
technology while EPD is more of a thin-film and coating technology.  Combination of 
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these two techniques through lamination of individual tapes s well as EPD on bisque-
sintered substrates allows for co-firing, a reduction in the number of sintering steps and 
moreover a reduction in cost.245  This fabrication method is common to planar SOFCs as 
electrolyte-supported SOFCs typically use tape casting for electrolyte and often anode 
fabrication.  Anode-supported SOFCs however typically use tap cast anode materials 
and rely on other methods such as EPD for the subsequent lay rs. 
Tape casting was chosen to be the basis for fabrication of hermetic SOFCs 
without sealant because it is a robust technique often usd to make thin substrates of 
dense bulk materials and thus lends itself well to component manufacture for planar 
SOFCs.  The scalability and long standing success of the tape casting process makes it a 
legitimate technique for low cost manufacturing of many SOFC components such as 
electrolyte membranes, anode materials, interconnect layers and laminates.117 The tape 
casting method has already been used to fabricate SOFC components such as YSZ and 
GDC electrolytes, Ni-YSZ and Ni-GDC cermet anodes and FeNiCr5 interconnect 
compositions, as shown in Figure 110. 
 
(a)  (b)  (c)   
(d)  (e)  
Figure 110. SOFC components fabricated by tape casting: (a) YSZ electrolyte, (b) GDC electrolyte, 
(c) Ni-YSZ anode, (d) Ni-GDC anode and (e) Fe47.5Ni47.5Cr 5 interconnect. 
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Hermetic SOFCs were first fabricated by laminating electrolyte, anode and 
interconnect tapes together in the proper design, as shown in Figure 21.  A sintering 
profile for multi-layer ceramics was previously determined using dilatometry by 
Cochran, Lee and Church, who were sintering extruded hybrid honeycomb SOFCs in 
both oxidizing and reducing atmospheres.52 Since a dilatometer wasn’t available for 
direct determination of dimensional and density change of our tapes during the sintering 
profile, we chose to determine dimensional change at each segment of the profile.  We 
segmented the known sintering profile into separate steps and measured the dimensional 
change at each step. The sintering profile for these hermetic and bipolar SOFCs 
fabricated by lamination is shown in Figure 111. 
 









At each data point the furnace 
was shut down and the samples 
were allowed to cool while 















Time Elapsed (min)  
Figure 111. Sintering profile with explicit points corresponding to dimensional measurements. 
The change in relative density at each explicit point in Figure 111 is shown in Figure 112. 
 
 178 






























Figure 112. Change in relative density of different tapes during the sintering profile. 
  
Our first hermetic SOFC consisted of an interconnect, porous YSZ scaffold (in place of 
the anode) and a dense YSZ electrolyte.  After sintering, the cell remained flat, the 
electrolyte was dense and the interconnect and YSZ scaffold remained porous, as shown 
in Figure 113(a-b). 
 
(a)  (b)  
Figure 113. Hermetic SOFC fabricated by tape casting and lamination with YSZ scaffold in place of 
anode. (a) Dense electrolyte and (b) cross-section of cell showing YSZ electrolyte|YSZ 
scaffold|FeNiCr5 interconnect, respectively from top to bottom. 
 
The edge of the cell, shown in Figure 114, proves that the hermetic structure can be 




Figure 114. Edge of Hermetic SOFC fabricated by tape casting and lamination with YSZ scaffold in 
place of anode. The far left of the image shows the YSZ electrolyte|YSZ scaffold|FeNiCr5 
interconnect, respectively from top to bottom and the far right shows the hermetic YSZ|FeNiCr5 
interface. 
 
 After anode and interconnect slurry compositions, which produced tapes of 
similar shrinkage characteristics to YSZ, were determined, the YSZ scaffold was 
replaced with NiO-YSZ in order to fabricate a full cell.  The results of lamination and 
sintering of these three layers proved even better than those with the YSZ scaffold, as 
shown in Figure 115.  
 
(a)  (b)  
Figure 115. Hermetic SOFC with NiO-YSZ anode instead of porous YSZ scaffold. (a) Dense 
electrolyte and (b) YSZ electrolyte|NiO-YSZ|FeNiCr5 interconnect, respectively from top to bottom. 
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The critical interface of the hermetic cell is shown in Figure 116. 
 
 
Figure 116. Edge of hermetic SOFC showing the porous NiO-YSZ anode chamber on the left and the 
critical YSZ|FeNiCr5 inteface on the right. 
 
Notice that the NiO-YSZ layer has a much cleaner appearance (Figure 116) next to the 
hermetic interface than does the porous YSZ scaffold (Figure 114).  Performance of this 
cell was only moderate as the hermetic SOFC had a sub-standard OCV (0.6V) resulting 
in a power density of only 75mW/cm2 at 750ºC, as shown in Figure 117. 
 
























Current Density (mA/cm 2)  
Figure 117. Performance of hermetic SOFC at 750ºC. 
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Interestingly however, the current density was quite high, which indicates that 
performance would improve greatly if the OCV can be increased to above 1V, as it 
should be.  Therefore the hermetic SOFC fabricated by tape casting shows promise for 
being one of the first sealless planar designs.   
 Another form of the hermetic SOFC design was fabricated by a combination of 
EPD and tape casting.  EPD was used to deposit thin anode ad electrolyte layers on an 
interconnect support, to fabricate metal-supported hermetic SOFCs.  Initial work in the 
area of metal-supported SOFCs utilized expensive thin film deposition 
methods.246,247,248,249 Later, Carter et al.250 and Villarreal et al.251 fabricated metal-
supported SOFCs using less expensive colloidal techniques.  Matus et al. measured the 
rapid thermal cyclability of a porous Fe30Cr-Aluminum Titanate cermet metal-supported 
SOFC, which demonstrated very little performance loss after 50 cycles from 475K to 
1075K at 50K/min.252   
Electrophoretic deposition experiments were carried out on porous 
Fe50.1Ni44.5Cr5.4Ox, fabricated by tape casting (see Table 25) substrates under constant 
voltage conditions.  Suspensions of YSZ and NiO-YSZ were prepared using YSZ powder 
(8 mol%, Tosoh) and NiO powder (97%, d<10µm) purchased from Fisher Scientific.  The 
NiO powder was too large for uniform dispersion and therefore was roll-milled in ethanol 
and 6mm YSZ media for 240 hours (see Figure 24).  The mean particle size after milling 
reduced from less than 10µm to about 2µm.  The milled NiO powder was mixed in a 1:1 
ratio with NiO powder prepared by the glycine nitrate process.  Both the YSZ and NiO-
YSZ powders were dried for 48 hours at 100°C before being suspended in acetylacetone 
(Acac) solvent at a concentration of 10g/L (1.75g in 175mL). The suspensions were 
ultrasonicated for 20 minutes prior to deposition and for 5 minutes in between 
depositions, with each suspension being replenished every 5 depositions.  The deposition 
apparatus was shown in Figure 28. 
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Deposition of the NiO-YSZ was performed at 300V for 2 minutes followed by 
100V for 1 minute, resulting in 25mg of deposit.  After deposition, a doctor blade was 
used to scrape away anode deposit from the outer thirds of the substrate leaving a strip of 
NiO-YSZ along the center.  The exposed interconnect surface was quickly cleaned using 
a cotton swab soaked with acetyleacetone and then placed into the YSZ suspension for 
electrolyte deposition.  YSZ was deposited at 50V for 3minutes resulting in 15mg 
deposit, which was sufficient for full surface coverage of both the anode deposit and 
exposed interconnect substrate.  After sintering at 1300°C for 5hrs in 4% H2 (balance 
Ar), the resulting YSZ surface was dense and the desired hermetic structure was achieved 
as seen in Figure 118.   
 
(a)  (b)   
(c)  
Figure 118. Hermetic SOFC fabricated by EPD on porous Fe50.1Ni44.5Cr 5.4Ox interconnect support  (a) 
dense electrolyte surface, (b) porous anode surface and (c) cross-section of cell showing electrolyte 
overlapping anode chamber and forming hermetic interface. 
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As can be seen in Figure 118(c), the electrolyte thickness wa  only 25µm over the anode, 
while being as thick as 40µm over the interconnect. A La0.6Sr0.4Co0.8Fe0.2O3 cathode was 
then applied to the cell by brush-painting and sintered at 900°C for 2hrs.  The open 
circuit voltage of the hermetic SOFC fabricated by EPD was 0.998 at 750ºC, which was 
considerably higher than the SOFC fabricated by tape casting.  Unfortunately, however 
the OCV quickly dropped resulting in negligible performance.  A more serious inquiry 
into metal-supported SOFCs fabricated by this process should result in positive results, 
given the microstructures deposited, their thickness and the ini ial OCV of the cell. 
 The low OCV encountered in the hermetic SOFC fabricated by tape casting was 
hypothesized to be due to interconnect oxidation causing porosity and loss of electrical 
contact.  Once method of ensuring that interconnect oxidation in planar SOFCs is never 
an issue is to copy the structure of the tubular design and put two planar SOFCs in 
parallel.  This form of planar cell is termed a ‘bipolar’ cell.   Bipolar SOFCs have had 
little research conducted on them mainly due to the incrased complexity of the electrical 
circuitry as compared to the planar or cell-in-series designs.  The bipolar design does 
have some advantages however.  Since the two SOFCs in parallel share a common 
interconnect, the interconnect is never exposed to anoxidizing atmosphere.  Not only 
does this eliminate dual atmosphere effects such as redoxinstability and thermal 
expansion, but also the problems associated with chromium deposition and poisoning at 
the cathode as well as increased cathode polarization resistance due to the formation of an 
oxide scale.  Essentially the bipolar design is void of tw  of the major obstacles inhibiting 
SOFC research: (1) chromium poisoning and (2) polarization losses during current 
collection at the cathode. We have fabricated bipolar cells consisting of YSZ (8 mol% 
Y2O3) electrolyte, Ni-YSZ anode and Fe47.5Ni47.5Cr5 interconnect by tape casting and 
lamination.  After stacking and laminating either monolithic or bi-layer tapes together, a 
single fire step is all that is needed to fabricate the symmetric interconnect-anode-
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electrolyte portion of the bipolar cell.  Shown in Figure 119 are the cross-sections of (a) 
the center and (b) the edge of a bipolar cell (without cathode) after sintering at 1300°C 
for 4 hours in 4%H2/Ar. 
 
(a)  (b)    
(c)  
Figure 119. (a) Surface image of dense electrolyte and Cross-sectional images of (b) center and (c) 
edge of bipolar SOFC fabricated by tape casting and lamination. 
 
The bipolar SOFC shown in Figure 119 was fabricated with a porous YSZ scaffold in 
place of the anode, similar to how initial hermetic SOFCs were fabricated.  Similarly, 
once anode tapes of similar shrinkage (to the electrolyte) were determined, the porous 




(a)  (b)  
Figure 120. (a) Polished and (b) fracture SEM cross-sections of bipolar SOFC with NiO-YSZ anode 
fabricated by tape casting. 
 
The SOFC component layers have also been fabricated wi h various thicknesses (i.e. 
electrolyte from 35-200µm, anode from 100-500µm…etc) without detriment to shrinkage 
during sintering.  Also the anode has been separated into a more porous fuel flow field 
layer near the interconnect and a slightly more dense active layer near the electrolyte.  
The interconnect has been prepared as both a dense and porous layer, though in the 
bipolar design the degree of interconnect density isn’t of consequence. Since the bipolar 
cell was sintered in a reducing atmosphere, there are severe limitations on how the 
cathode can bonded to the cell.  There are various techniques to apply La0.85Sr0.15MnO3-δ 
(LSM) cathodes to the bipolar cells including pulse laser deposition (PLD) and 
combustion chemical vapor deposition (CCVD).  Recent work has also shown that after 
PLD of LSM, the perovskites phase can be formed with a temperature of only 550°C, can 
easily be achieved in situ.253 
5.4 Conclusions 
Fabrication and characterization of an YSZ|FeNiCr5 nterface fabricated by 
overcastting has shown the ability to block gas transport.  Impedance spectroscopy of this 
interface revealed that as DC bias was increased from 0 to 0.3V, the resistance to gas 
transport increased, indicating mass transport limitation and the ability of this interface to 
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be used as a seal for SOFCs.  Another indication of the quality of the seal was the 
accumulation of 0.498V charge at the FeNiCr5|YSZ interface and the presence of a large 
relaxation time constant.  Symmetric cells of Ni-YSZ and FeNiCr5 yielded the expected 
trend of low impedance values and therefore won’t cause a detriment to the proposed 
hermetic structure.  When the electrolyte layer was switched from YSZ to GDC, similar 
trends were not seen.  The electronic transference number of GDC was too high and 
activation control was observed in all impedance spectra.  Material interactions were also 
observed between GDC and the FeNiCr5 nterconnect, indicating that the two would not 
be able to form an adequate hermetic seal for planar SOFCs.  Leakage rate testing of the 
YSZ|FeNiCr5 hermetic interface showed a decreasing trend in leakage rate with 
temperature.  The leakage rate of the YSZ|FeNiCr5 interface at 750°C was 0.027sccm, 
which is comparable to the hybrid seal developed at PNNL using polycrystalline mica 
and glass, which had a leakage rate of 0.01sccm at 800°C with 1.72*105 Pa compressive 
stress.  Isothermal leakage rates as a function of time d d show an increasing logarithmic 
trend, however the leakage rate appeared to approach an asymptotic value of 0.05sccm 
after two hours. 
 Hermetic SOFCs were fabricated by two methods: (1) tape c sting and lamination 
and (2) EPD on tape cast substrates.  The hermetic SOFCs fabricated by tape casting and 
lamination remained flat after sintering and showed an OCV of 0.6V at 750ºC.  The low 
voltage resulted in weak performance as the power density was only 75mW/cm2 at 
750ºC.  The low OCV was hypothesized to be due to oxidation of the interconnect due to 
a leak in the fuel line.  The fuel leak and oxidation lead to lower OCV from gas mixing 
and also weaker electrical contact. The current density of the hermetic SOFC was quite 
high however, indicating that the design and fabrication method show promise and 
potential for achieving higher power densities in the future.  The second hermetic SOFC, 
fabricated by EPD on porous interconnect supports, showed great initial promise as its 
OCV was 0.998V at 750ºC.  Unfortunately, this SOFC also had issues with gas leakage 
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and the OCV soon dropped resulting in negligible performance.  Hermetic SOFCs 
fabricated using this method, however might show even greater potential than those 
fabricated by tape casting due to the ability to fabricate thin anode and electrolyte layers 
of controlled thickness and microstructure.    
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VI. SILVER-BASED INTERCONNECT MATERIALS 
 
6.1 Literature Review 
Silver is a noble metal most often used for current colle ting and cathode 
materials in SOFCs.  These applications came about due to its stability in oxidizing 
atmospheres as shown by the Ellingham diagram.21 Interest has been shown in adopting 
the inert properties of silver for interconnect purposes.  However since silver has been 
well documented as a selective conductor of oxygen, its use may cause oxygen to leak 
into the anode chamber the results of which would be oxidation of the metal in the anode 
cermet and reduced Nernst potential.  Many studies have been conducted on the oxygen 
permeation rate through silver membranes starting with Dushman, Whetten and Young, 
Coles, Burroughs and Beavis.196-200 Until now the primary focus was using silver 
membranes to admit high purity oxygen gas into vacuum systems, separation of O2 from 
CO2 and understanding the catalytic behavior in the epoxidation of ethylene and partial 
oxidation of methanol to formaldehyde.  Dushman’s original experiments on oxygen 
permeability were run from 450°C to 630°C.  He observed a constant relationship 
between permeation rate and temperature as would be expectd by diffusion theory.  
Whetten and Young found that high purity oxygen was found to permeate through silver 
at a rate such that a pressure of 2mmHg was built up from 2*10-10 mmHg in a 1000cc 
vessel in 1hr at 700°C.  Their mass spectra also contained  peak at 34amu only when the 
partial pressure of oxygen was high. They concluded that this peak was the result of 
combined O16 and O18 to form an (O16O18)+ ion. Coles determined oxygen permeability 
equations as a function of temperature and pressure.  Isothermal oxygen permeability (Q) 
was found proportional to the square root of the pressure difference across the silver 
barrier for pressures near and above 1atm. 
Equation 48     46.0PQα    
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The temperature dependence of oxygen permeability however differed from Dushman’s 
results as Coles found a change in slope occurring at 630°C, as shown in Figure 121. 
 
 
Figure 121. Oxygen permeability data of Coles and Dushman as a function of temperature.196,198 
 
Since Coles performed his measurements from 500°C to 850°C he was able to notice the 
slope change and Dushman was not.  Coles determined that the permeability of oxygen t 
follows one of two equations: 






















The effect causing the change in temperature dependnt slope and why it occurs at 630°C 
was not determined, however it is not due to a structu al change.  However, it was 
postulated that the discontinuity was due to oxygen entering the lattice.  The lifetime of 
the silver barrier was also observed as a function of temperature and oxygen pressure.  
There was indication that the silver barrier becomes porous after 325.1torr of oxygen 
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throughput at 630°C and 750°C.  At 900°C the barrier failed after 10 minutes and only 
80.1torr oxygen throughput.  This indicates that the barrier failu e is temperature 
dependent and there was also indication that the porosity was between grain boundaries. 
Burroughs also conducted mass spectrometry measurements as a function of temperature 
from 500°C to 700°C.199 He determined that carbon oxides such as carbon dioxide and 
carbon monoxide evolved within the silver during initial oxygen leakage.  The presence 
of the carbon was believed to be the result of the filament heater coiled around the silver 
tube.  His analysis also resulted in a peak at 34amu at high oxy en partial pressure, 
though he believed it was due to the creation of H2O2. Beavis also determined the 
presence of carbon oxides during initial silver emissions, but found further contaminant 
gases of hydrogen sulfide and sulfur dioxide.200 Only after conditioning of the membrane 
for one hour was high purity oxygen obtained.  The relative peak amplitudes as a function 
of time was plotted and shown, where the oxygen peak takesover an hour to reach its 
maximum value. He also concluded that the peak at 34amu was due to an (O16O18)+ ion 
based on a comparison of the peak height ratios to the natural isotopic abundance of 
oxygen.  Based on the high temperature data from Bazan254, Beavis determined a 
diffusion coefficient of 4*10-6 cm2s-1 at 550°C.  Using the data of Dushman and 
Lafferty,255 the diffusion coefficient would be 1*10-6 cm2s-1 at 550°C. 
 Outlaw et al. studied the permeability and diffusivity characteristics of oxygen 
through silver in a number of publications.201-204 Though left unpublished, oxygen 
permeation through silver (100), (110) and (111) single crystals as well as transport 
mechanism were said to be determined.  This research formed the basis for their future 
work regarding oxygen separation, permeation, flux and rate-limiting steps.  Outlaw’s 
work in 1990 determined that though the permeability through eac silver crystal facet 
may be equivalent, the diffusivities are drastically different.  Since the oxygen was found 
to reside primarily at the octahedral site in the lattice, the solubility (S) should be the 
same at all facets.  Therefore the permeability (K) varies only with the diffusivity (D): 
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Equation 50     DSK =  
The rate-determining step was theorized to be dissociatin of the molecular oxygen into 
atomic oxygen.  To prove this, they conducted experiments where the surface was 
allowed to dissociate molecular oxygen and where the surface only interacted with 
atomic oxygen.  Glow discharge experiments, where a DC field (E/n ~ 10-14 V cm-2) was 
applied to the gas (0.5 torr O2) upstream of the silver surface, allowed the surface to 
interact with atomic oxygen.  Since CO2 would also be present in the gas stream, they 
determined the dissociative energy for separating one oxygen atom from CO2 compared 
to O2, and found that they were 128kcal mol
-1 and 118kcal mol-1 respectively.  The 
dissociation reaction is due to electron impact and not electron attachment as 
shown:256,257 
Reaction 21   [ ] −∗− ++→Π→+ eOCOCOeCO 322  
where the Π3 is the first excited state.  This indicated that the source of monotomic 
oxygen formation before interaction was being interaction with the silver surface would 
be difficult to determine.  When atomic oxygen interacted with the silver surface, it lead 
to a much higher oxygen flux (2.83*1014cm-2s-1) through the membrane as compared to 
when molecular oxygen (4.4*1013 cm-2s-1).  This gave considerable relevance to the 
theory that molecular dissociation was the rate-limiting step.201 
A non-destructive depth profile of oxygen-exposed silver using Angle resolved 
Auger electron spectroscopy (ARAES) and ion scattering spectroscopy (ISS) revealed 
interesting results as to where the oxygen resides.202 Due to the low sticking coefficients 
of oxygen on silver facets, the interaction above 20°C is quite weak.  The sticking 






Table 30. Sticking coefficients of oxygen on different silver facets. 







The ISS technique probed the outermost layer of the silvr fact, while the ARAES 
technique could probe from 2-20 atomic layers of silver.  Since these techniques are so 
surface sensitive, contamination is of great importance to accurately determining the 
oxygen profile.  The results are shown in Figure 122 and are consistent with the models 
proposed by Kuk and Feldman on (110)259 and Ning et al on (111) surfaces.260 
 
50 at % 
14 at % 
 
Figure 122. Preferential concentration of oxygen in the silver {110} sublattice. 202 
 
These model-validated results indicate that there are subsurface oxygen concentrated and 
deficient regions within the first few atomic layers of silver.  The atomic oxygen appears 
to preferentially reside between the second and third sub-layers of silver.  This forms a 
deficient layer just below the silver surface.   The models and results also indicate that the 
layers where oxygen is residing correspond to lattice contraction and expansion, relative 
to the bulk, between the first two and second two sub-layers respectively.  The overall 
impact of these results is that oxygen doesn’t reside at the surface, but rather sits 
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preferentially at subsurface layers leading to lattice distortion.  It was thought that this 
was why the oxygen sticking coefficient was so low at the silver surfaces. 
 Comparison of oxygen transport through Ag (110), Ag (polycrystals) and Ag2Zr 
from 400°C-800°C revealed substantial deviation from diffusion-c trolled transport.  
Below 630°C the diffusivity activation barrier increases over 4 kcal mol-1, while above 
630°C the barrier reduces to the bulk level of 11 kcal mol-1 c nsistent with zero 
concentration at the vacuum interface.  The permeation rates of oxygen through these 
materials are relatively the same over the entire temperature range studied as shown in 
Figure 123, with Ag2Zr being slightly higher.
203   
 
 
Figure 123. Oxygen permeability as a function of temperature for different silver samples, as 
measured by Outlaw. 
 
Using the mathematics of diffusion from Crank,261 the permeability of oxygen in Ag 
(110), Ag (polycrystal) and Ag (nanocrystal) are represented by: 









exp102.5 18  cm-1s-1 
While for Ag2Zr, the permeability is represented by: 









exp109.4 18  cm-1s-1 
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The addition of Zr to the Ag lattice increased the permeability by a factor of two because 
of decreased grain size and increased defect density.  The diffusivities of the silver 
samples however were different, as shown in Figure 124.   
 
 
Figure 124. Oxygen diffusivity as a function of temperature as determined by Outlaw et al. 
 
The Ag (110) sample had two distinct linear regions, as shown previously, which are 
described by the following equations: 









exp1055.1 1110  cm
2s-1  
for 500°C<T<630°C, and  









exp1055.1 2110  cm
2s-1 
for 630°C<T<800°C.  The Ag (polycrystal) had diffusivity equations, respectively, of:  









exp102.3 2  cm2s-1 
for 500°C<T<630°C, and 









exp1096.2 3  cm2s-1 
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for 630°C<T<800°C.  As discussed previously, the break in the linearity of the diffusivity 
curve was presumed the result of oxygen trapping by defects at the subsurface layers.  
Above 630°C, the Ag (110) and Ag (polycrystal) samples exhibit similar diffusivities 
with activation energies only 3.5 kcal mol-1 different.  Below 630°C, the diffusivities 
begin to separate due to a greater difference in activation energy.  The Ag2Zr sample 
didn’t exhibit the same break in the diffusivity response with temperature.  The 
diffusivity is actually quite different due to an activation energy (22.0kcal/mol) twice that 
of Ag (polycrystal). The break in linearity also diminished greatly and was pushed to a 
higher temperature (725°C) due to the addition of Zr.  Ag2Zr has a substantially increased 
sticking coefficient due to the segregated Zr surface layer(56nm), which allow for a 
much higher surface oxygen concentration.  However, during oxygen permeation, the Zr 
layer becomes ZrxOy (near ZrO2) and considerably reduces the diffusivity.  The effect of 
oxygen solubility on Zr was studied by comparing permeation of oxygen through Ag2Zr 
and Ag0.05Zr.
204 The results of this study showed that the permeability was virtually 
identical in both systems and therefore not solubility controlled.  Therefore the enhanced 
transport was deemed a sensitive function of the surface.  Work on hydrogen permeation 
through a Cu-Zr alloy by Mitchell et al.262 also showed a reduced magnitude and 
increased activation energy of the diffusivity.  Another consideration for the change in 
diffusivity with temperature is that the vapor pressure of silver is quite high (4.4*10-5 torr 
at 800°C) leading to a large surface defect density.  This defect density may be similar to 
a disordered surface, which could indicate that the oxygen dissolution in the bulk may be 
the rate-limiting step.  
 Wu et al.’s work on extraction of O2 from CO2 lead to the determination of the 
sticking coefficient of atomic and molecular oxygen on silver as a function of 
temperature.204 This was reported as a ratio of the sticking coefficient of atomic oxygen 




Figure 125. Ratio of the sticking coefficient of atomic oxygen to molecular oxygen. 
 
Comparison of this data with that of Campbell showed that t e sticking coefficient of 
atomic oxygen on Ag(111) and Ag (001) is considerably higher than at of molecular 
oxygen, 0.4 versus 10-6 at 217°C and 1 versus 10-5 at 25°C, respectively.  The result is 
important in that it shows the exponential decrease in the sticking coefficient with 
temperature and the significantly higher ability for atomic oxygen to adsorb on silver 
compared to molecular oxygen. 
6.2 Pure Silver Interconnects 
Recently, the use of silver as an SOFC interconnect has been examined. Singh 
measured the structural degradation of silver when exposed t SOFC dual atmosphere 
conditions, revealing the formation of significant porosity at the grain boundaries.263  The 
porosity was attributed to the thermodynamic formation of steam within the lattice.  
Meulenberg tested silver as a contact element for bipolar interconnects, and the results 
were promising with no degradation in interfacial resistance over 554hrs operation.264  
Silver evaporative loss rates of 0.094µg/cm2/hr at 690°C and 1.29µg/cm2 /hr at 790°C in 
air and 0.161µg/cm2/hr at 800°C in humidified 4% hydrogen of were determined using 
3L/min flow rates and exposure times of up to 1065hrs.  Barnett also determined 
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evaporative loss rates of silver of 0.05um/yr, 0.3um/yr and 2um/yr at 700°C, 750°C, and 
800°C respectively.265 Though seemingly very different, when converted to units of µm/s, 
Barnett’s evaporative rates are only about an order of magnitude less than those of 
Meulenberg. Both sets of values are a couple orders of magnitude greater than the 
calculated loss rates based on the 4*10-5torr vapor pressure of silver at 800°C measured 
by Outlaw.203 These results are summarized in Table 31. 
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The objectives of this study were to: (1) compare experimental data on oxygen 
permeation through polycrystalline silver with literature values, (2) calculate the 
equivalent leaking current density due to oxygen permeation under fuel cell conditions, 
(3) calculate silver loss rates and quantify silver degradation in static and dual 
atmosphere environments and (4) determine the amount of nickel oxidation within the 
anode which occurs due to oxygen permeation through the silver interconnect.  These 
experiments will serve to evaluate the effectiveness of silver as an interconnect for 
intermediate temperature SOFCs.   
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6.2.1 Oxygen Permeability and Diffusivity 
In an actual fuel cell operating environment there is no appreciable overall 
pressure difference between components of the cell, but instead it’s the partial pressure 
difference between species that is the driving force for gaseous permeation. Therefore 
rather than use an ultra-high vacuum system to measure the permeation rate of oxygen, 
which uses an overall pressure difference across each side of the membrane as the driving 
force, we chose to seal the silver membrane in a dual atmosphere environment, similar to 
an actual fuel cell interconnect, and monitor the efflu nt with a mass spectrometer.  Using 
this setup, shown in Figure 103, we experimentally measured the oxygen permeability 
and diffusivity through polycrystalline silver as a function of temperature in order to 
evaluate its potential as an SOFC interconnect.  We then validated these results by 
calculating the activation energies and intrinsic values of the permeation and diffusion 
processes using density functional theory. 
Silver foil samples (Alfa Aesar, 99.9%) were stamped and mounted to an alumina 
tube using both ceramic (Autostic ceramic cement) and metallic (Heraeus, silver 
conductor paste) sealants.  The setup was mounted in a vertical clam-shell furnace 
(Applied Test Systems) and heated to 800°C.  After flowing argon gas at 75sccm for 20 
minutes, in an effort to blow-off residual water adsorbed within system, the effluent line 
was attached to a mass spectrometer (Hiden Analytical HPR20).  The effluent line was 
also split to allow excess effluent to flow into a beak r containing water, as 
recommended by Hiden Analytical.  The mass spectrometer scanned the effluent gas 
from 1-50 amu at a resolution of 100 samples per amu, in order to detect oxygen and 
oxygen containing species.  The driving force for oxygen p rmeation through the silver 
membrane was the chemical potential difference between the ambient atmosphere in the 
furnace and the inert atmosphere provided by argon gas flowing into the alumina tube.  
This setup is very similar to those often used in gas separation experiments, except a 
mass spectrometer was used instead of a gas chromatograph.  The oxygen partial pressure 
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within the inert gas chamber was measured to be 9.77*10-5torr before testing.  Checking 
the oxygen partial pressure served to ensure that the oxygen partial pressure was similar 
to the measurement pressure of the UHV systems found in literature. 
Three repetitions of oxygen permeation experiments wereconducted from 800°C-
450°C in 50°C increments with argon flow set at 75sccm.  The flow rate was controlled 
by a rotometer (Omega), which was calibrated to argon gas.  Effluent gas collected by the 
mass spectrometer was heated to a temperature above 160°C to prevent condensation and 
possible recombination of gaseous species.  The cold cathode gauge pressure in the ultra-
high vacuum (UHV) housing of the mass spectrometer was monitored throughout the 
experiments to remain at a constant 3*10-6torr. 
The permeation rate of oxygen through polycrystalline silv r was measured using 
mass spectrometry.  Using the relative pressure intensity of each detected species and the 
known amount of argon gas flowing through the system, the volume of each species was 
determined.  The permeation rate of oxygen through polycrystalline silver was measured 
using mass spectrometry.  Using the normalized pressure intensity of each detected 
species along with the known amount of argon gas flowing through the system, the 
quantity of each species was determined.  The mathematics of Crank describes how the 
permeation rate and diffusivity through a planar membrane are determined.261 According 
to Fick’s 2nd Law, the change in concentration with time is equal to the diffusional flux of 
species as shown. 




















Based on the set of boundary conditions given 
















and assuming Sievert’s Law applies 
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The steady state flux can be determined as 
Equation 60    
AkT
fP
J ssss =  
Knowing the linear relation between the diffusion coefficient and permeation rate 
Equation 61    DSK =  
allows the permeation rate (cm-2s-1) to be determined by: 







where Pss is the downstream steady state pressure, Po is the upstream oxygen partial 
pressure,  f is the conductance, d is the thickness, A is the area, kB is Boltzmann’s constant 
and T is temperature.  Figure 126 shows the agreement between our experimental data for 
permeation and that of literature.   
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 Outlaw et al. 
 
Figure 126. Arrhenius plot of measured permeation rate of oxygen through polycrystalline silver. 
The filled symbols are the authors measured values and the open symbols are literature values. 
 
Our measured activation energies of 0.940eV for permeation is similar to the reported 
values of 0.948eV and 0.991eV by Outlaw and Eichenau r & Mueller, respectively, 
 201 
through polycrystalline silver.201,266,267 Outlaw determined a relation between the 
permeability, K, and diffusivity, D, which depends only on the solubility, S, of oxygen on 
each crystal facet.  Equation 61 was used to calculate the effective diffusivity of oxygen 
through our system, which is shown in Figure 127.   
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Figure 127. Arrhenius plot of measured diffusivity of oxygen through polycrystalline silver. The filled 
symbols are the authors measured values and the open symbols are literature values. 
 
The measured activation energies for diffusion were 0.66eV (450ºC<T<630ºC) and 
0.58eV (630ºC<T<800ºC), which were also near the 0.66eV (T<630ºC) and 0.48eV 
(T>630ºC) observed by Outlaw.266,267 The pre-exponential value for permeation was 
3*1018cm-1s-1 and for diffusion was 0.0407cm2/s (450ºC<T<630ºC) and 0.0159cm2/s 
(630ºC<T<800ºC). These are close to Outlaw’s pre-exponential values of 5.2*1018cm-1s-1 
for permeation and 0.032cm2/s (450ºC<T<630ºC) and 0.00296cm2/s (630ºC<T<800ºC) 
for diffusion.204   
 Slight differences between the measured values and those reported in the 
literature were attributed to a difference in grain sizebetween the silver samples, as 
suggested by Outlaw. The average grain size (mean intercept grain size) of the silver foil 
used in these experiments was 80.60±2.36µm, as determined by stereological techniques, 
which is considerably smaller than the 1mm grain sizes us d by previous authors.268 The 
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presence of smaller sized grains leads to a larger grain bou dary area and the possibility 
for greater amounts of defects and creation of pores between grains.  The grain boundary 
area per unit volume was measured as 0.0124±0.0036µm-1, again by stereological 
techniques. Significant grain growth was also encountered, which could lead to the 
formation of further defects and thus increase the oxygen permeation rate. Grain growth 
is confirmed in the SEM images before and after testing, as shown in Figure 128(a-b).   
 
(a)  (b)  
Figure 128. SEM images of silver foil (a) before testing and (b) after testing. 
 
The diffusion of monatomic oxygen species through the silv r lattice results in an 
effective leaking current through the interconnect.  This current opposes that of the 
operating fuel cell and therefore is essentially a counter-current causing reduction in cell 
potential and fuel utilization through oxidation of the metallic phase of the anode.  The 
leaking current density was calculated from the flux (see Equation 60), which was 
determined from the relation: 












J  is the steady state oxygen flux, 
2O
P  is the downstream pressure, f is the 
conductance, A is the area of the silver membrane, kB is Boltzmann’s constant and T is the 
temperature.  The oxygen flux and leaking current density are shown in Table 32.   
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Based upon the collected data, the leaking current density is 0.0053±0.0003mA/cm2 and 
0.015±0.003mA/cm2 at 650°C and 750°C, respectively, which should have negligible 
effects on fuel cell performance.  These results are similar to those calculated from the 
oxygen flux data of Wu,204 0.00417mA/cm2, and Outlaw,201 0.00288mA/cm2, at 650°C. 
However, these results are lower than the 0.967mA/cm2 at 750°C calculated using the 
data of Park,268 who measured the oxygen flux through a silver membrane usi g an 
electrochemical cell.  Figure 129 shows an Arrhenius plot of the leaking current density 
as a function of temperature for the empirical oxygen flux results. 


























Inverse Temperature (10 3 K-1)
 
Figure 129. Natural log of current density as a function of inverse temperature for oxygen 
permeating through silver. 
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6.2.2 Mechanism of Oxygen Diffusion 
Modeling of the surface interactions taking place between oxygen molecules and 
silver revealed preferential orientation and planar sticking coefficients.  Though there are 
three possible types of adsorption (surface potential energy wells) for oxygen on silver 
surfaces, dissociative chemisorption is dominant above 150K.  The other two forms of 
adsorption are molecular physisorbtion and molecular chemisorption, which are stable 
below 40K and 150K respectively.  Outka et al. used NEXAFS at temperatures around 
100K to observe oxygen chemisorbed on Ag(110) and determined that oxygen orients 
parallel to the surface (Θ=90°) along the [1
_
0] azimuth.269  The O-O bond length also 
increased from 1.207Å to 1.47Å when chemi-adsorbed to Ag exhibiting a σ* resonance 
and resembling a single-bonded peroxo species.  This is in contrast to the results obtained 
by Bange, using ESDIAD, who determined the O-O bond has a component along the 
[001] azimuth.270  Gravil et al. used spin density functional theory to calculate binding 
energies and bond lengths due to chemisorption for different directions and bonding sites 
as shown in Table 33.271 
 
Table 33. Binding energis and bond lengths of O2 chemisorption on Ag. 
 
 
This data was based on calculated values of 5.5eV, 1.24Ǻ, and 0.18eV for the binding 
energy, bond length and vibrational quantum of an oxygen molecule.  The experimental 
values were 5.2eV, 1.21Ǻ and 0.19eV respectively.  A six layer silver slab with a 3x2 
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surface cell separated by a six layer vacuum gap composed the supercell geometry.  
Oxygen molecules were introduced to both sides of the slab and all atoms were allowed 
to relax such that the residual force on any one atom did not exceed 0.1eV Ǻ-1. The 
binding energy and bond length were calculated as a function of the oxygen molecule 
height above the silver surface as shown in Figure 130. 
 
 
Figure 130. Binding energy and bond lengths of O2 on Ag, as calculated by DFT. 
 
An important determination from this work was that as oxygen dissociatively 
chemisorbes to the silver surface, the silver atoms in the plane of the surface relax 
towards the oxygen atom by 0.12Ǻ along the [001] and 0.03Ǻ along the [1
−
0].  The four 
atoms in the surface plane also relax outwards by 0.07Ǻ while the sub-surface silver atom 
directly below the chemisorbed oxygen relaxes inwards by 0.23Ǻ.  This represents a 
drastic relaxation of the surface for chemisorbtion at the four-fold site as compared to 
relatively negligible relaxation for chemisorbtion at the long bridge of short bridge sites.  




Figure 131. The surface adsorption sites for O2 on Ag(110). 
 
During chemisorbtion there is also considerable lengthening of the oxygen-oxygen bond 
length from the gas phase value of 1.24Ǻ to 1.47± 0.01Ǻ depending on the adsorption 
site.  It was also important to note that in contrast to the oxygen molecule, the 
chemisorbed state was not spin polarized, which agrees with experiment.272,273 
Vattuone et al determined that the energy barrier to oxygen dissociation at silver surfaces 
above 150K was 0.7 ± 0.3eV.274  He also determined that the sticking coefficient of 
molecular and dissociated oxygen was azimuthally anisotropic and has non-normal 
energy scaling with surface corrugation.  R. Franchy et al.,275 studied the negative ion 
resonances of O2 on Ag and concluded via molecular beam studies that O2-Ag interaction 
was strongly face dependent and was characterized by the dependence of the sticking 
coefficient on angle of incidence and energy of the gas ph e molecules. Much of 
Franchy’s results were in good agreement with those previously published on Ag(110), 
Ag(111) and Ag(001).276,277,278,279,280,281,282,283,284,285 
 Even though numerous theoretical studies on oxygen-silver interactions have been 
reported, to the best our knowledge, no theoretical interpretation for diffusion coefficients 
of oxygen through a silver bulk phase using periodic density functional theory (DFT) 
methods is available in the literature.271,286,287 It should be noted that the computational 
work in this section was performed by Dr. Yongman Choi as a validation method for the 
experimental work already discussed.288  Rather than reproduce the complete work of 
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someone else, I will merely summarize the necessary parts as they apply to validation of 
the experimental results.  All quantum chemical calculations were carried out using the 
VASP (Vienna ab initio simulation package) software289,290 with the projector augmented 
wave method (PAW).291 The spin polarization method was applied because an oxygen 
species is spin-polarized triple in its ground state. Generaliz d gradient approximation 
(GGA) using the Perdew-Wang (PW91) functional292 was utilized to describe the 
exchange and correlation energies and Vanderbilt ultrasof p eudopotentials293 was used. 
The Brillouin zone was sampled at (3×3×3) k-points with the Monkhorst-Pack method294 
and a 400eV cut-off energy was applied. As shown in Figure 132(a-b), a six-layer 
Ag(110) surface model was constructed to examine O-Ag interactions and O diffusion 
into its bulk phase since the solubility and transport of oxygen species is further through 























(a) (b)  
Figure 132. (a) Illustration of a slab model for Ag(110).  (b)  Four adsorption sites for O-Ag(110) 
interactions: I, II , III  and IV  denote to atop, long bridge, short bridge, and four-fold hollow sites. 
A rectangle represents the top view of a supercell used in this study. 
 
Each layer of the surface model has four atoms and each slab was separated by a vacuum 
spacing greater than ~25 Å to ensure no interactions between slabs. All the calculations 
were carried out by fixing the bottom layer and the Ag atoms on the unrelaxed layer was 
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set to estimated bulk parameters. In this study, the relative energy is described by ∆E = –
(E[slab + adsorbate] – E[slab] –E[O]), where E[slab + adsorbate], E[slab], E[O] denote 
the calculated electronic energies of adsorbed species on the surface model, a clean 
surface, and triplet O. In order to examine O diffusion pathw ys on the Ag(110) surface 
and in the bulk phase, we applied the nudged elastic band (NEB) method.296 
Our predicted lattice constant of 4.11 Å is in line with experimental297 and 
theoretical271,286,298,299 values (4.09 Å and 4.05-4.19 Å, respectively). As aforementioned, 
quantum chemical calculations were carried out to map out diff sion pathways of O on 
Ag(110) and incorporation through bulk diffusion into Ag. As illustrated in Figure 
132(b), four active sites were examined, including “atop,” “short bridge,” “long bridge,” 
and “four-fold hollow,” corresponding to I , II , III , and IV , respectively. We found a 
slight surface reconstruction by the atomic oxygen adsorption. Table 34 compiles the 
adsorption energies and the distances between the adsorbe oxygen and the Ag(110) 
surface.  
 
Table 34. Relative Energies and the Shortest Distance between Adsorbed O and the Surface of 
Intermediates from O-Ag(110) Interactions. 
active site relative energy (eV) d O-surface (Å) 
atop 2.41 1.796 
short bridge 3.56 1.197 
long bridge 3.77 0.303 
four-fold hollow 3.94 0.528 
  
 
The adsorption energy of 3.94eV at the hollow site is stronger than those of atop, short 
bridge, and long bridge sites with adsorption energies of 2.41, 3.56, and 3.77eV, 
respectively. Our predicted adsorption energies are qualitatively in good agreement with 
an available theoretical study by Gravil and coworkers.287 Therefore O on Ag(110) 
preferentially adsorb on the four-fold hollow site. The bond distances of the adsorbed 
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oxygen species on the surface are 1.796, 1.197, 0.303, and 0.528 Å for the f ur sites (see 
Table 34). Furthermore, to interpret O diffusion into the bulk phase, we optimized stable 
intermediates at octahedral sites. Figure 133(a-b) schematically illustrates energetically 
















Figure 133. Oxygen adsorption on Ag(110) at the four-fold hollowsite, surface diffusion to the long 
bridge site, and diffusion to the bulk. (a) A top view and (b) side vies at different angles. 
 
A and B denote adsorbed oxygen species at hollow and long bridge sites, respectively, 
whereas C, D, and E correspond to stable intermediates optimized at octahedrl sites on 
the third and fifth layer based on Ag(110).  Figure 134 illustrates schematic potential 





Figure 134. Schematic energy profiles for diffusion processes of O through Ag at the GGA-PAW 
level of theory. 
 
An adsorbed oxygen species on the hollow site can diffuse to the long bridge site with a 
0.16eV endothermicity by overcoming a 0.20eV barrier at ts1 hrough the surface. The 
oxygen species on the long bridge site can further diffuse into the Ag bulk phase - at the 
octahedral site C after overcoming a 1.03eV at ts2. In addition to the pathway, C can also 
be formed directly via ts3 with a barrier of 1.16eV. The barriers forming a stable 
intermediate at the octahedral site C is slightly higher than that reported by Sun and 
coworkers (0.92eV) due to the different surface models. In addition to the initial O 
incorporation into the subsurface, we examined O diffusion in the bulk (see Figure 134). 
As illustrated in Figure 133(b), the diffusion process can occur via two further pathways 
from C to D and E. Judging from the different barrier heights of 0.50 to 1.6 eV to D and 
E sites, respectively, the diffusion process in the bulk phase may preferentially take place 
through octahedral C to D sites in the [100] direction rather than the [110] direction. 
Davidson and coworkers experimentally probed the locations of subsurface oxygen 
species within the silver lattice using angle-resolved auger electron spectroscopy 
(ARAES) and ion scattering spectroscopy (ISS).202 They determined that oxygen species 
concentrate at the surface adsorption sites, and between th  second and third atomic 
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layers. In between the concentrated oxygen layers is a region of oxygen depletion and 
after the third atomic layer the oxygen concentration stabilized to a bulk state within the 
silver lattice. It could be related to the stable structures at C and D on the second and 
fourth layers, respectively, in the [100] direction. As well known, the diffusion process 
can be described by the hopping mechanism - once incorporated into the lattice, it hops 
from an interstitial site to a more stable position through a transition state.300,301 
Based on the ab initio results of predicted reaction barriers, vibrational 
frequencies of a reactant and a transition state, and the lattice constant of Ag, we 
interpreted the experimental diffusivity. According to Wert and Zener,302 the diffusion 
coefficients for interstitial atomic oxygen species can be predicted using transition state 
theory (TST)303 according to 
Equation 64    o oD = D exp( E / T)Bk−  
where oE , Bk , and T denote an estimated reaction barrier in electron volts (eV) at 0 K, 
Boltzmann’s constant, and temperature in K. Also, pre-exponential factor oD  can be 
described by  
Equation 65   ( )3 3 1 †2o 1 1D /N Nj jj jn a v vα −= == ∏ ∏  
where n  and α denote that “the number of nearest neighbor interstitial positions” and “a 
coefficient related to the location of the interstitial positions” according to Wert and 
Zener,37 respectively. a , ν , and †ν  are the lattice constant of Ag and vibrational 
frequencies of initial and transition states, respectivly.301 Table 35 compiles parameters 
used for the prediction of diffusion coefficients of O through Ag (110).  
 
Table 35. Parameters used for Diffusion coefficient predictions 
n a α a a (Å)b ν  (cm-1)c †ν (cm-1)c 
12 1/12 4.110 412, 371, 296 496, 108, i33
a From ref. 37. 
b This work. 




Figure 135 shows the comparison of the experimental data with our prediction. To 
reproduce the experimental results, it is reasonable to lower the reaction barrier from 0.50 
to 0.66eV. 
 




















1000 / T (K-1)  
Figure 135. Arrhenius plot of oxygen diffusivity through silver.  The filled symbols are measured 
values in this work and the open symbols are literature data. The solid line corresponds to the 
predicted results. 
 
6.2.3 Silver Degradation 
 Theoretical mass loss rates of silver were calculated first assuming a bulk silver 
sample in an oxidizing atmosphere and then the same sample in a vacuum atmosphere.  
Using these values, an upper and lower limit of mass loss due to sublimation can be 
determined.  Based on a derivation of the Clausius-Clapeyron equation, a material that is 
outgassing or losing mass at a constant rate (i.e. evaporation or sublimation from a bulk 
material), the amount of mass loss for silver should be as follows304 






where the mass loss per unit area per unit time ,W, is represented as 
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The mass loss rate is dependent on the vapor pressure, Pv (torr), molecular mass, M, 
temperature, T (K), and the sticking coefficient, f. For silver, the vapor pressure as a 
function of temperature can be calculated based on the following equations and empirical 
values.  
Equation 68   TC
T
B
APv loglog −−= (torr) 
where A = 11.85, B = 14270 and T is the temperature in K.  Figure 136 shows the 
Arrhenius relation between the vapor pressure of silver and temperature assuming a 
sticking coefficient of unity. 
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Figure 136. Arrhenius plot of vapor pressure of silver as a function of temperature. 
 
The mass loss per unit area and time can then be calculated by the following. 
Equation 69   TC
T
B
AW loglog "'' −−=  
Where A”  and C”  are represented by 











The mass loss rate per unit area and time is not only dependent on the conditions such as 
temperature, but also on the sticking coefficient, f.  The sticking coefficient, as used in 
these equations, is the inverse of the sticking probability.  Sticking probability, S is 
defined as the probability that a molecule will adsorb onto a surface upon collision.  It is 
also known as the rate of molecular adsorption divided by the collision frequency as 
shown. 





S =  
The surface collision frequency can be calculated based on the ideal gas law using the 
following formula: 











where n* is the number of adsorbate molecules per unit volume in gas phase as 
determined by the pressure (torr), T is the temperature (K), kB is Boltzmann’s constant 
and m is the mass of the adsorbate (g).  The collision frequency is also given by another 
formula also based on the ideal gas law. 













where z is the collision frequency (collisions/sec), N is Avagadro’s number 
(molecules/mol) adjusted to temp and pressure, V is the Volume (m3), σ is the diameter of 
the gas molecule (m), R is the universal gas constant (0.0000821 m3*atm/K*mol), T is 
the temperature (K) and M is the molecular mass (Kg/mol). 

































Figure 137. Arrhenius plot of the mass loss rate per unit area and time (g/cm2/s) as a function of 
sticking coefficient. 
 
After dividing the mass loss rate, W, by the density of silver (10.5 g/cm3), the loss rate in 
units of cm/s can be determined, as shown in Figure 138.  
 
































Figure 138. Arrhenius plot of loss rate per unit time (cm/s) as a function of sticking coefficient. 
 
Otherwise the mass loss rate, W, can be used to calculate the loss rate (cm/s) based on the 
actual geometry of the specific sample being measured.   
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Calculation of the sublimation rate in a vacuum leads to an estimate of the upper 
limit for the rate of material loss of silver from a foil at high temperature.305 The 
following assumptions have been made: (1) a thin boundary layer surrounding the foil is 
at the equilibrium sublimation vapor pressure, Pc, for a given temperature, T.  The actual 
non-equilibrium pressure will be lower; (2) All atoms within the boundary layer travel at 
the same speed, the mean thermal velocity V, determined from the simplified kinetic 
theory of dilute gases;306 











and (3) No atoms leaving the boundary layer return to the surface.  This means that the 
sticking factor (sticking coefficient) of the silver atoms is unity and that the mean free 
path for all temperatures and pressures exceeds the size of the boundary layer. 
For a particular temperature of interest, 750°C (1023k), the upper limit or 
overestimate of the sublimation rate is determined as follows.  The flux of silver atoms 
out of the boundary layer occurs in all directions; since only atoms leaving perpendicular 
to the boundary are of interest, the mass flux away from the surface will be divided in 



















The vapor density within the boundary layer, due to sublimation of silver atoms from the 
















Where Po is the equilibrium vapor pressure at room temperature (101325Pa), Vo is the 
molar volume of an ideal gas at room temperature (22.4L mol-1), and To is the equilibrium 
reference temperature (293k). Because only half of the atoms move away from the 














Therefore the mass loss rate is 3.26*10-6g/cm2/s at 750°C.  Using the theoretical density 
of silver (10.5g/cm3), the geometric loss rate of silver is calculated to be 3.11*10-7cm/s or 
3.11*10-3µm/s. Keep in mind that these numbers are upper limits and represent 
overestimates of the silver loss rate due to sublimation in a vacuum at 750°C.  Boundary 
conditions and assumptions were made that inflate the loss rate beyond the non-
equilibrium or actual rate.  These results were compared to Table 31 and showed 
agreement with the equilibrium vapor pressure of silver as well as the mass loss rate, W, 
at SOFC operating temperatures.   
Experimental measurements were then carried out to determine the actual affects 
of SOFC operating conditions on mass loss and degraation of silver.  Static isothermal 
and dual atmosphere exposure experiments were carrid out on a 50µm silver foil used in 
the permeation experiments to examine grain growth and possible grain boundary 
degradation.  First, a silver foil was exposed to auniform air atmosphere at 750°C for 24 
and 72hrs.  The results, shown in Figure 139(a-b), correspond with the aforementioned 
grain growth on the silver surface.   
 
(a)  (b)  
Figure 139. SEM images of the surface of a 50µm dense silver foil after exposure to air at 750°C for 
(a) 24hrs and (b) 72hrs. 
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After 24 and 72hrs of exposure, the average grain size was calculated to be 
133.69±10.02µm and 197.63±24.09µm, respectively.  These corresponded with grain 
boundary surface area per unit volume values of 0.0075±0.0006µm-1 and 
0.0051±0.0006µm-1 after 24 and 72hrs, respectively. No grain boundary degradation was 
found to occur on the silver foil samples, however significant faceting was observed on 
the surface.  Faceting of the grains was likely caused by the sublimation, surface 
diffusion and re-deposition of silver atoms at high temperature.  Coles,198 Singh,263 
Meulenberg264 and Outlaw267 also reported significant grain growth and faceting after 
exposure to oxygen containing atmospheres at high temperature. A second foil sample 
was sealed to an alumina tube and exposed to a dual (air/H2+H2O) atmosphere at 750°C 
for 24hrs.  The silver surface was exposed to air within the furnace, while humidified 
hydrogen was fed to the surface.  After 24hrs exposure, the sample was cooled and each 
surface was characterized.  As is clearly visible in Figure 140(a-b), silver degrades much 
faster when the dual atmosphere contains hydrogen rather than inert argon.   
 
(a)  (b)  
Figure 140. SEM images of silver foil under dual atmosphere for 24hrs.  (a) Surface of silver foil 
exposed to air and (b) surface of silver foil exposed to humidified hydrogen. 
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The surface exposed to hydrogen experienced more degradation th n the surface exposed 
to air, indicating that pores begin to form on the fuel-rich side.  Similar to Singh, we 
attributed the cause of rapid degradation on the fuel-rich side has to the formation of 
steam within the silver.263   
The oxidation front, the amount of nickel oxidation within the SOFC anode due to 
oxygen permeation through silver, was measured as a function of time and silver layer 
thickness.  Silver layers were DC sputtered onto porous Ni-YSZ cermet anodes and 
further annealed at 200°C for 2hrs.  Static oxidation experiments were performed at 
750°C for 3 and 8hrs under SOFC operating conditions in order to determine the amount, 
if any, of nickel oxidation.  At a given operating temperatu e, equilibrium should be 
reached between the humidified reducing atmosphere, oxygen flux through silver and 
nickel oxidation within the anode. Optical micrographs showed obvious oxidation in the 
sample sputtered for 60 minutes at 70 watts, resulting in a silver layer thickness of 4.7µm.  
After exposure to SOFC conditions for 3hrs, an 8µm oxidation front formed, which 
spread to about 30µm after 8hrs. Figure 141(a-d) shows the optical and SEM cross-
sectional images of the oxidation front for both exposure times.   
 
(a)  (b)  
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(c)  (d)  
Figure 141. (a) Optical and (b) SEM cross-sectional images of sample with 4.7µm thick silver layer 
after 3hrs exposure. (c) Optical and (d) SEM cross-sectional images of sample with 4.7µm thick silver 
layer after 8hrs exposure. 
 
The presence of NiO due to oxidation was confirmed using Raman spectroscopy 
as shown in Figure 142.   
 














Raman Shift ( ∆cm -1)
 
Figure 142. Raman spectrum of sample with 4.7µm thick silver layer after (a) 3hrs and (b) 8hrs 
exposure. 
 
Connectivity between the silver layer and the anode was lost in both samples indicating 
that either all the nickel within the oxidation front had oxidized or at least enough to stop 
percolation of the metallic phase.  Increasing the sputtering time to 120 minutes at 70 
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watts increased the deposited silver layer to 6.6µm   Oxidation of this sample was not 
noticeable after 3 hours exposure, however an oxidation front of 18µm was observed 
after 8 hours exposure, as shown in Figure 143(a-d).   
 
(a)  (b)  
(c)  (d)  
Figure 143. (a) Optical and (b) SEM cross-sectional images of sample with 6.6µm thick silver layer 
after 3hrs exposure. (c) Optical and (d) SEM cross-sectional images of sample with 6.6µm thick silver 
layer after 8hrs exposure. 
 
This was again confirmed using Raman spectroscopy as shown in Figure 144.   
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Raman Shift ( ∆cm -1)
 
Figure 144. Raman spectrum of sample with 6.6µm thick silver layer after (a) 3hrs and (b) 8hrs 
exposure. 
 
Both samples remained connective after testing, which means that even though an 
oxidation front is present after 8 hours, there wasn’t complete nickel oxidation within the 
front.  A silver layer of 11.9µm was obtained through 180 minutes of sputtering at 70 
watts.  Exposure to SOFC operating conditions for 3 and 8hrs didn’t reveal evidence of 
nickel oxidation, as seen in Figure 145(a-d).  
 
(a)  (b)  
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(c)  (d)  
Figure 145. (a) Optical and (b) SEM cross-sectional images of sample with 11.9µm thick silver layer 
after 3hrs exposure. (c) Optical and (d) SEM cross-sectional images of sample with 11.9µm thick 
silver layer after 8hrs exposure. 
 
Thus either nickel oxidation didn’t occur or was on a length scale that couldn’t be 
detected within the 1um2 resolution of the Raman microscope.  The Raman spectra in 
Figure 146(a-b) confirm the lack of nickel oxide within thesamples.  
 















Raman Shift (∆cm -1)
 
Figure 146. Raman spectrum of sample with 11.9µm thick silver layer after (a) 3hrs and (b) 8hrs 
exposure. 
 
Connectivity between the silver layer and the anode was also retained within the samples.   
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Backscatter SEM imaging and EDS analysis were also completed on each sample cross-
section.  Compared to the optical images, the backscatter SEM images failed to improve 
the contrast between the nickel and nickel oxide phases and therefore weren’t provided.  
In addition to Raman measurements, qualitative Ni and NiO phase analysis was also 
performed using EDS.  NiO was observed in the same samples as previously mentioned, 
while no significant oxygen was detected in the sample with the 11.9µm thick silver 
layer.  These results are identical to those achieved using Raman spectroscopy and 
therefore also weren’t provided.  
Comparison of the measured oxidation front thickness to that predicted from the 
oxygen flux data resulted in some discrepancies.  The theoretical oxidation front after 8 
hrs exposure should be 0.3µm, based on the known oxygen flux through a dense silver 
foil at 750°C, the volume fraction of nickel within anode and the anode geometry.  
Increased nickel oxidation could result from the presence of porosity however, since 
there is a finite sputtered thickness necessary to achieve a continuous silver layer over the 
porous anode.  The surface of the 4.7µm silver layer is not entirely continuous, as seen in 
Figure 147(a-c), and therefore nickel oxidation occurs readily due to porosity, not 
permeation.   
 225 
(a)  (b)
 (c)  
Figure 147. SEM image of the surface of the 4.7µm silver layer (a) after deposition, (b) after 3hrs 
exposure and (c) after 8hrs exposure. 
 
The surface discontinuity increased as a function of dwell time, eventually exposing and 
subsequently oxidizing some of the Ni-YSZ anode. The oxidation front is much more 
suppressed when the silver layer thickness increases to 6.6µm due to increased silver 
layer continuity.  However after 8hrs exposure to SOFC operating conditions, an 
oxidation front begins to grow due to grain boundary degradation of the silver layer.  As 
previously mentioned, silver tends to degrade at the grain bou daries under SOFC 
operating conditions, resulting in clustering of silver grains with large pores in between.  
This is apparent in Figure 148(a-c), where the surface of the 6.6µm silver layer is imaged 
after initial deposition, 3 and 8hr exposure times.   
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(a)  (b)  
(c)  
Figure 148. SEM images of the surface of the 6.6µm silver layer (a) after deposition, (b) after 3hrs 
exposure and (c) after 8hrs exposure. 
 
The increasing surface porosity due to grain boundary degradation c used the dramatic 
increase in the oxidation front observed between Figure 143(a) and 121(c).  It’s also 
apparent from Figure 149(a-c) that the surface of the 11.9µm thick silver layer remains 
continuous enough to prevent nickel oxidation within the anode even after 8hrs exposure.  
 
(a)  (b)  
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(c)  
Figure 149. SEM image of the surface of the 11.9µm silver layer after (a) after deposition, (b) after 3 
hours exposure and (c) after 8 hours exposure. 
 
Table 36 displays the amount of surface porosity in each sputtered silver layer as a 
function of exposure time.  
 
Table 36. Volume fraction porosity within the silver surface for the as-deposited, 3hr and 8hr 
exposure samples. 
As-deposited 0.0144 0.0013
3 hour exposure 0.1536 0.0046
8 hour exposure 0.2704 0.0051
As-deposited 0.0104 0.0011
3 hour exposure 0.1248 0.0029
8 hour exposure 0.1656 0.0036
As-deposited 0.0072 0.0009
3 hour exposure 0.0920 0.0034













These results do not suggest long-term oxidation prevention, but represent a 
thickness where anode oxidation was inhibited within the testing timeframe and 
conditions.  The surface degradation rate or silver loss can be roughly estimated using 
Figure 147(a-c).  Though not all the silver is lost to sublimation (vapor phase and 
diffusional transport probably accounts for the majority of silver movement) a rough 
estimate of the silver degradation rate can be calculated from our results. The sample 
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with an initial 4.7µm silver layer degraded to such a point that after 8hrs some portions of 
the silver were completely removed, which would indicate a minimum degradation rate 
of 1.6*10-4µm/s. Theoretical mass loss rates of silver, due to sublimation, were then 
calculated in order to compare with the estimated experimental degradation rate.   The 
theoretical mass loss rate of silver at 750ºC (due to sublimation) is in the range of 1.4*10-
3 (f = 1) to 1.4*10-4cm/s (f = 0.1), based on Figure 137.  In reality, the sticking factor is 
probably minimal, since vapor phase and diffusional transport of silver are probably more 
dominant mechanisms of silver movement that is sublimation.  The rough estimate of 
1.6*10-4µm/s falls within the calculated range and in fact is quite close to the sticking 
factor of 0.1, which is what we predicted.  Since an approximate sticking factor is now 
known, we can estimate the degradation rate of a silver interconnect under SOFC 
operating conditions over a wide temperature range, as shown in Figure 150. 
 



































Inverse Temperature (10 3/K)  
Figure 150. Calculated loss rates of silver from 450-900ºC based on a sticking factor, f, of 0.1.  This 
sticking factor best fit the estimated silver degradation rate of 1.6*10-4µm/s from our experiments. 
 
Though the estimated experimental degradation rate of calculated loss rate of 
silver represent values too high for realistic use of silver as an SOFC interconnect at 
750ºC, the calculated loss rates at temperatures less than 650ºC do not.  As seen in Figure 
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150, the calculated loss rate of silver decreases by two orders of magnitude for every 
100ºC reduction in operating temperature.  These significant decreases in silver loss rate, 
when considered with its negligible leaking current density, make silver a viable 
interconnect material for SOFC applications at temperatures less than 650ºC. 
6.3 Conclusions 
The inert properties of silver over a wide temperature range make it a strong candidate 
for an intermediate temperature solid oxide fuel cell (SOFC) interconnect.  Silver 
however, is known to be a selective conductor of H2 and O2, which could potentially lead 
to cell degradation through fuel mixing.  Oxygen permeability and diffusivity were 
determined to follow an Arrhenius relation with activaion energies of 0.94eV and 
0.59eV, respectively, which are comparable to literature values.  Despite oxygen 
permeation rates increasing with temperature, the effective leaking current density 
generated at high temperatures remained negligible, indicating that there wouldn’t be any 
appreciable effect on cell performance.   
Periodic DFT calculations were used to validate the experimental activation 
energies and pre-exponential values as well as determine the transport path of oxygen 
from a surface adsorbate through to bulk diffusion. A least-squared analysis of the 
experimental permeation rates and diffusion coefficients in he temperature ranges of 723 
– 1073 K give in the expressions of K = 3.0×1018 exp(–0.94/kBT) cm
-1 s-1 and D = 4.1×10-
2 exp(–0.66/kBT) cm
2 s-1, respectively. The diffusivity coefficients predicted by transition 
state theory are in good agreement with the experimental dat  after slightly adjusting the 
calculated barrier heights at the GGA-PAW level of theory. The experimental and 
computational approaches will be applied to examine oxygen conduction mechanisms for 
noble metals used in high temperature electrochemical applic tions. Based on our 
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experimental and computational results for oxygen transport, silver’s known inert 
properties in oxidizing and reducing environments and the effective leaking current 
density, silver should be considered a candidate material for intermediate temperature 
SOFC interconnects. 
Similar to what has been reported in the literature, porosity forms at the grain 
boundaries of silver when exposed to a H2/O2 dual atmosphere at high temperature.  A 
silver layer of about 12µm, deposited on a Ni-YSZ anode by DC sputtering, was 
sufficient to prevent a quantifiable oxidation front after 8 hours exposure to SOFC 
operating conditions at 750ºC.  Nevertheless significant surface porosity was still 
observed within the silver layer.  A silver degradation rate of 1.6*10-4µm/s was estimated 
based on the results and compared to thermodynamic predictions of the silver evaporative 
loss rate.  Based on the agreement between these values, we xtrapolated the effective 
degradation rate of silver to an operating temperature range of 450-900ºC. Considering 
the effective leaking current density through silver and estimated degradation rate, silver 
appears to be suitable for use as an SOFC interconnect at operating temperatures less than 
650ºC. While silver would theoretically make a viable intrconnect for intermediate 
temperature SOFCs, the grain boundary degradation appears too severe for successful 
application.   
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VII. CONCLUDING REMARKS 
 
 The aforementioned works related to investigating particular engineering 
obstacles in fabricating reliable SOFCs for stack development were the direct result of 
sustained collaboration with fellow researchers, particularly Dr. William Rauch and Dr. 
Laxmidhar Besra and consistent support from my advisor, Dr. Meilin Liu.  Our work has 
addressed specific engineering-based hurdles such as economical and reproducible 
fabrication of thin film electrolytes, the design and fabrication of a stackable SOFC, 
eliminating the need for external sealant materials and potential replacement interconnect 
materials for intermediate temperature SOFCs.  The ideas b hind these works were born 
as sketches on a whiteboard that grew into functional devices after careful planning and 
considerable lab effort.  I was fortunate enough to have been given the necessary latitude 
to investigate these ideas, formulate the processing routes and see them to fruition and for 
that opportunity I am entirely grateful to my advisor.   
 Electrophoretic deposition is fast and cost-effective method of depositing thin 
films of ceramics.  Deposits were purported to form only  conductive substrates and 
therefore early work on SOFC applications focused on cathode supports.  As interest in 
this method grew, researchers tried to deposit thin electro yte layers on anode supports, 
which were already in the reduced (Ni-YSZ) state.  Dr. Besra and I took fabrication of 
SOFCs by EPD even further when we proposed that this process could be done on non-
conducting substrates provided that those substrates were sufficiently porous.  Eventually 
we proved our contention and developed a method for depositing thin electrolyte layers 
on porous anode substrates.  This work simplifies processing of anode-supported SOFCs, 
while also maintaining a sufficient power density.  Optimized parameters resulted in the 
deposition of a 5µm electrolyte, which after coating with an LSM:YSZ composite 
cathode provided 1.1W/cm2 at 850ºC.  These results have greater implications than 
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merely SOFCs, as they set the groundwork for coating any porous ceramic with a layer of 
dense material.  The ability to deposit ceramic materil on porous non-conducting 
substrates could apply to oxygen or hydrogen separation membranes, sensors, thermal or 
environmental barrier coatings and much more.   
 Tubular and segmented-cell-in-series SOFC designs may not provide the power 
density of planar designs, but have the advantage of creating and maintaining an 
integrated hermetic seal within the structure. Planar designs have suffered from the lack 
of a proven external sealant, which has resulted in material instability, reactivity and gas 
leakage.  Dr. William Rauch and I therefore proposed a new planar SOFC design, which 
forms a hermetic seal without the necessity of an external sealant.  By incorporating 
aspects of tubular and segmented-cell-in-series designs, we’ve been able to fabricate and 
successfully test a completely hermetic SOFC.  The hermetic design contains a critical 
interface between the interconnect and electrolyte, which when formed correctly acts as a 
blocking electrode under DC bias conditions.  The interfac  also has a leakage rate on the 
same order as current compressive mica-based external sals, 10-2 sccm at 750ºC.  The 
proposed hermetic or sealless design was fabricated by tape casting lamination as well as 
electrophoretic deposition and attained open circuit potentials of 0.7V and 0.99V, 
respectively.  The tape cast cell then achieved 76mW/cm2 at 750ºC using a porous silver 
cathode.  It is important to note that the tape cast cells were fabricated in a single firing 
step while the EPD cells only required two firing steps.  The importance or implication of 
this work is that external sealants aren’t necessary for fabricating a stackable cell.  
Eliminating the need for external sealants greatly improves SOFC reliability because it 
removes a very reactive and unstable interface.  Increased efforts to fabricate and 
optimize SOFCs of this hermetic design should only increase their stability and potential 
lifetime. 
 Another very reactive interface and perhaps the most detrimental interface to 
SOFC performance is the cathode-metal interconnect interface.  Chromium poisoning of 
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cathode materials represents a significant hurdle that interlayers don’t appear able to 
solve.  A potential interconnect candidate for intermediat  temperature SOFCs is a 
Silver-YSZ composite.  Silver is thermodynamically inert to oxidation at intermediate 
operating temperatures and though it’s known to be a selectiv  conductor of oxygen and 
hydrogen, there is potential to suppress that conduction thr ug  tortuous paths within a 
composite structure.  In order to evaluate silver’s effectiv ness and durability as an SOFC 
interconnect in a dual atmosphere environment, we measur d the rate of oxygen 
permeation and diffusion through polycrystalline silver foils.  The activation energies of 
these processes were compared with literature reports and the  validated using quantum 
chemical calculations.  An effective leaking current density was then determined as a 
function of temperature, which essentially represents the amount of current that would be 
lost if silver was used solely as the interconnect material.  At 750ºC, silver was shown to 
only leak 0.967mA/cm2 of oxygen through to the anode chamber, which is negligible 
compared to the current density during SOFC operation.  Next w  observed silver’s 
durability and performance under dual atmosphere conditions.  Silver was used as a 
standalone interconnect in order to evaluate its upper thr shold for degradation.  
Significant silver grain boundary degradation and anode (Ni) oxidation was observed 
after only 8hrs exposure to SOFC operating conditions at 750ºC.  Raman spectroscopy 
was used to verify the presence of NiO on the anode side of th  interconnect.  Based on 
the amount of silver degradation and the time-scale of the experiments, we calculated an 
experimental degradation rate.  This rate corresponded to a theoretical mass loss rate of 
1.6*10-4µm/s, calculated using kinetic gas theory and a transpiration rate, f, of 0.1.   
 Based on the works we have completed, we have come to th f llowing general 
conclusions.   
• A novel approach to depositing thin film layers on porous non-conducting 
ceramics has been developed, characterized and modeled.  This method, 
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when applied to SOFC fabrication proved to significantly simplify and 
expedite the processing of anode-supported SOFCs. 
• Planar SOFCs can be designed such that external sealant re not 
necessary.  The proposed hermetic design achieved an OCV of up to 
0.99V and a power density of 75mW/cm2.  These structures were easily 
stacked and co-fired for a cost-effective approach to fabricating stackable 
SOFCS. 
• Silver-based interconnect materials were inert in oxdizing environments, 
but degraded quickly under dual atmosphere conditions at high 
temperatures (T~750ºC).  Based on our experimental and calculated 
degradation rates, Silver may not be suitable for SOFC operating 
temperatures greater than 650ºC. 
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